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Climate changes, anthropogenically induced or not, will have tremendous effects on the 
world's population. Understanding and predicting future climate requires a detailed 
knowledge of its past forcing factors and changes. Despite enormous research effort in this 
area there are still large gaps in our knowledge of the temporal and spatial variations of 
past climates and of the driving mechanisms behind climate these variations. Filling up 
these gaps has now, more than ever, become a major challenge to the scientific community 
over the next few years-decades. 
 
The Quaternary record - the last interglacial-glacial cycle 
 
The Quaternary period, roughly spanning the last ~ 2.5 Ma, is one of the most interesting 
geological periods in the earth's history, and is characterised by apparently unprecedented 
cyclical global climatic changes. During the relatively long cold episodes ('ice ages') 
continental ice sheets built up and mountain glaciers expanded. These glacial stages 
alternated with shorter episodes during which the temperatures in the mid- and high 
latitude regions were similar to or higher than those of the present day ('interglacials'). 
Each climatic phase has given rise to a variety of landforms, sediments, biological remains 
and even assemblages of human artefacts in which the specific climatic and environmental 
conditions have been registered (Lowe and Walker, 1997). From these so-called proxy 
records, the Quaternary scientist tries to reconstruct the past palaeoclimatic and 
palaeoenvironmental changes. 
 
The last interglacial-glacial cycle, spanning the period ~130-10 ka, is of particular interest 
because during this period the full spectrum of glacial and interglacial conditions, as well 
as shorter climatic oscillations (colder stadials and warmer interstadials), did occur. It is 
also the period during which modern humans developed and for which a substantial 
amount of proxy records (e.g. oxygen isotope records, pollen) are available. Most 
Quaternary studies thus focus on the last interglacial-glacial timespan. 
 
The use of aeolian sediments as archives of climate change 
 
Of the terrestrial sediment record, windblown sediments are valuable data sources for 
palaeoenvironmental studies and the reconstruction of past atmospheric circulation patterns. 
General Introduction 
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Well-known examples are the coversands deposited during cold periods in many mid-
latitude regions of Europe and North America and the blankets of loess found on almost 
every continent.  
 
The formation of the coversand belt was triggered by increased wind strength and the 
availability of a large amount of sediment in the vast periglacial regions (Koster, 1988, 
2005; Kasse, 1997; Lowe and Walker, 1997). Continental shelves were exposed due to a 
drop in sea level and a significant amount of glacially derived material was produced. 
Periglacial structures (e.g. cryoturbations, frost wedges) indicative of permafrost 
conditions are often found in the coversands sequences. Based on their type, dimensions 
and position in the coversand stratigraphy the timing and intensity of the periglacial 
conditions can be derived (e.g. Kolstrup, 1987; Vandenberghe, 1992). 
 
Loess deposits are often associated with coversands and, in total, loess covers about 10% 
of the world's land surface. Extensive loess areas are found in northwestern and central 
Europe, North America (The Great Plains), southern South America (Pampas of 
Argentina), central Asia and northern China (The Chinese Loess Plateau). The valuable 
regional (and global) palaeoclimatic information stored in loess deposits has prompted 
loess research in laboratories all over the world. Loess deposits also provide information 
about changes in dust accumulation on the continents and represent a complementary 
archive to the records of long-transport dust in ice and marine cores (Kohfeld and Harrison, 
2001, 2003). A good understanding of the timing and rate of loess accumulation and its 
spatial distribution can help scientists to model the influence of atmospheric dust on the 
global palaeoclimate. In particular, the impressive loess-palaeosol sequences of the 
Chinese Loess Plateau, recording the entire Quaternary period, have been the subject of 
extensive investigations (e.g. Derbyshire et al., 1997; Liu and Ding, 1998; Porter, 2001). 
 
The need for a reliable chronometer 
 
Compared to the deep-sea records, terrestrial sediments are vulnerable to erosional 
processes, mass movements, and pedogenic and agricultural disturbance, all of which lead 
to the continental stratigraphic record being highly fragmented and poorly preserved. 
Furthermore, similar sedimentary environments occurring at different times in the past 
General Introduction 
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have produced sedimentary deposits and sequences that closely resemble each other. 
Without an independent chronometer, the correlation between different locations and the 
integration with the astronomically tuned oceanic δ18O record (Imbrie et al., 1984; 
Martinson et al., 1987) can be very difficult. Precise and accurate age determinations of 
terrestrial sedimentary sequences are thus of major importance for palaeoclimatic research. 
Moreover, they are also crucial for a reliable calculation of sedimentation rates and 
sediment fluxes. 
 
Nowadays, several dating methods are available. Amongst the absolute dating methods, 
radiometric dating techniques are usually considered the most reliable because the 
underlying physical mechanisms (e.g. radiation damage, decrease in radioisotope 
concentrations) are basically independent from external parameters (e.g. temperature, 
precipitation). Therefore they can provide an independent chronology for a specific site. Of 
these methods, radiocarbon dating has been the most widely used. Unfortunately, it has a 
rather limited age range ( ~40 ka, i.e. only about 30% of the age range of interest), and it 
requires the presence of in situ carbon and calibration of the ages (Reimer et al., 2004). 
Other techniques such as K-Ar, Ar-Ar and fission track dating can only be occasionally 
applied at certain specific sites, because they require the presence of particular volcanic 
minerals from tephra layers intercalated in the sediments; similarly uranium-series dating 
requires the presence of in situ carbonate precipitates. 
 
Luminescence dating 
 
An alternative absolute method for dating Late Quaternary deposits makes use of the 
phenomenon of luminescence. Luminescence dating is widely applicable because it can be 
applied to the mineral grains of the sediment itself, it has a large potential age range (often 
beyond ~100 ka) and the derived ages do not need subsequent calibration. It is increasingly 
the preferred dating method in many Quaternary studies. In this thesis, the luminescence 
dating method is thoroughly investigated and applied to establish the timing of frost wedge 
formation in coversands in Flanders (Belgium) and to erect absolute chronologies for 
Chinese loess sites. Before discussing the aim of this thesis in more detail we first 
introduce the basic principles of luminescence dating. 
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Luminescence dating belongs to the family of radiation damage dating methods which also 
includes electron spin resonance (ESR) and fission track dating (Aitken, 1985, 1998).  
The event that is dated using luminescence is the last exposure of sediment grains to 
daylight; in most cases this is synonymous with the timing of sediment deposition (Fig. A). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A. Schematic representation of the event dated in the luminescence dating method. The 
luminescence age that is being determined is the time elapsed since bleaching and burial of the 
mineral grains and the measurement of the natural luminescence signal in the laboratory (based on 
Aitken, 1998). 
 
The technique is based on the fact that in the sediment minerals such as quartz and feldspar 
are exposed to ionising radiation from the decay of natural radionuclides, mainly members 
of the 238U and 232Th decay chains and 40K, and to a lesser degree from cosmic rays and the 
decay of 87Rb. This flux of ionising radiation creates free charge within the crystal 
structure of these minerals; and some of this charge (usually considered to be electrons) is 
trapped in meta-stable states within the crystal. If exposed to daylight, the electrons 
trapped in these meta-stable traps may absorb sufficient energy to be detrapped, and thus 
return to the ground state. In this way, this part of the trapped energy is released during 
transport in daylight. The removal of the trapped charge by exposure to sunlight, is known 
variously as 'bleaching', 'zeroing' or 'resetting', and represents the moment when the 
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'luminescence clock' is reset. After sediment deposition and burial, the mineral grains are 
shielded from light and the trapped charge population starts to build up again (Fig. A). In 
the laboratory, heating or shining light on the sample causes electrons to be liberated from 
the meta-stable electron traps; some of these electrons can recombine at locations in the 
crystal structure known as luminescence centres, where the energy released as the electron 
returns to the ground state is given up as visible or UV photons (luminescence) (Fig. B). 
The emitted 'natural' luminescence signal can be detected with a photomultiplier tube. It is 
then compared with luminescence signals induced by different beta or gamma doses given 
in the laboratory, to derive the laboratory dose required to give the same luminescence 
signal as was absorbed to give the 'natural' signal. This dose is usually termed the 
equivalent dose, De. When the luminescence signal is generated through heating, the signal 
is called thermoluminescence (TL) and when a light source is used to stimulate the mineral 
it is called optically stimulated luminescence (OSL). The main advantage of optical 
stimulation over thermal stimulation is that it preferentially releases that charge which is 
most sensitive to light, and thus arises from traps which most likely have been completely 
emptied during transport. 
 
Figure B. Schematic representation of the mechanism of luminescence production in a crystal 
involving one trap and one recombination centre. During irradiation ionization occurs with trapping 
of electrons and holes at lattice defects in the crystal. Depending on the trap depth (E) below the 
conduction band, the lifetime of the electrons in the traps can be several million years so that 
leakage of electrons during the age span of the sample is insignificant. By optical or thermal 
stimulation of the sample, electrons are evicted from the electron traps and some of these electrons 
reach luminescence centres where they recombine with a hole and produce luminescence (based on 
Aitken, 1998). 
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In addition to determining the equivalent dose using luminescence measurements, the rate 
of energy absorption from ionising radiation during burial has to be measured. This dose 
rate can be determined by measuring the concentrations of natural radionuclides in the 
sediment, by analytical techniques such as gamma spectrometry, instrumental neutron 
activation analysis (INAA), alpha counting and atomic absorption spectrometry (AAS). In 
this work, we routinely applied high-resolution gamma spectrometry in the laboratory to 
determine the dose rates of our samples (Murray et al., 1987; Hossain, 2003). The 
individual alpha, beta and gamma dose rate components can then be derived from the 
radionuclide concentrations using tabulated conversion factors (Adamiec and Aitken, 
1998). The small contribution from cosmic rays must also be calculated, taking into 
account the geographic position and altitude of the site as well as the burial depth of the 
sampled sedimentary horizon (Prescott and Hutton, 1994). Allowance must also be made 
for the effect of water in the sediment pores because water attenuates ionising radiation and 
thus reduces the dose rate experienced by the mineral grains. A general overview of the 
different aspects of dose rate determination can be found in Aitken (1985). 
 
Once both equivalent dose and dose rate have been determined, the luminescence age can 
be calculated from the following simple formula:  
 
)/(
)(,
)(
kaGyratedose
GyDdoseequivalent
kaAge e=  
 
         1 Gy = 1 J / kg  
         1 ka = 1000 years 
 
In general, it is assumed that the dose rate has remained constant through time, and so that 
the dose rate measured in the laboratory has applied throughout the burial lifetime of the 
sediment. Although this assumption is not always valid (e.g. Zander et al., 2007), it appears 
that the main challenge in luminescence dating actually lies in the accurate and precise 
determination of the equivalent dose. This is a far from straightforward task, especially for 
older sediments. The research focus in this thesis is thus testing and applying methods for 
the accurate derivation of the equivalent dose using luminescence measurements. 
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Aims of this thesis and contents overview 
 
The overall objective of this thesis is to investigate the luminescence dating method as a 
tool to establish reliable absolute chronologies for sediments providing records of the 
behaviour of the earth's climate predominantly during cold and dry periods. The particular 
materials chosen are the sandy infills of frost wedge structures in western Europe and loess 
from eastern Asia (China).  
 
Since the initial thermoluminescence (TL) dating study on ocean sediments by Wintle and 
Huntley (1979), luminescence dating methods have undergone rapid development, both in 
instrumentation and in measurement procedures (e.g. Huntley et al., 1985; Bøtter-Jensen, 
1997; Murray and Wintle, 2000). Nowadays, optically stimulated luminescence (OSL) 
dating is most commonly applied but unfortunately a universally applicable measurement 
procedure does not exist yet. As a consequence, the suitability of a specific approach needs 
to be tested for every new sediment type. Over the last few years, the single-aliquot 
regenerative-dose (SAR) procedure, as developed by Murray and Wintle (2000) for OSL 
signals from sand-sized quartz grains has proven its reliability in many luminescence 
dating studies where some form of independent age control was available (e.g. Murray and 
Olley, 2002; Wallinga, 2002). Thus, as a first step in this thesis, it was decided to employ 
measurement protocols based on this procedure. These studies are reported in Part I 
(Chapters 1 and 2); in Part II (Chapters 3 to 6), studies are described which were aimed at 
sediments for which this well-established approach proved unsuitable. 
 
Establishment of the optically stimulated luminescence (OSL) dating method in the 
luminescence laboratory at Ghent University in the period 2000 to 2004 made use of Late 
Pleniglacial to Lateglacial coversands in the SW Netherlands (Vandenberghe, 2004; 
Vandenberghe et al., 2004). As a new application, but still in a similar geological context, 
the feasibility of optical dating the aeolian sandy infill of frost wedge structures in Flanders 
is investigated. In Chapter 1, the performance of SAR-OSL dating using coarse quartz 
grains extracted from these sandy infills is studied. Subsequently, the research area shifts 
to the problem of dating Chinese loess, the main application discussed in this thesis. In 
Chapter 2, high resolution quartz SAR-OSL dating using the very fine sand fraction 
extracted from loess in three sections in the western part of the Chinese Loess Plateau is 
General Introduction 
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applied, and the advantages and limitations of this approach are discussed. Chapter 2 is 
split up in two parts, starting with a general introduction to Chinese loess in section 2.1. 
This introduction is followed by the OSL study itself which represents a self-contained 
luminescence dating paper (section 2.2). The purpose of this introductory section is to give 
the reader unfamiliar with the geological setting of the Chinese Loess Plateau the 
necessary background information. 
 
Despite the valuable contribution of these high resolution datasets to establish the 
chronostratigraphy of the loess sections in Chapter 2, the results show that the age range of 
the quartz SAR-OSL method when applied to Chinese loess is rather limited (probably up 
to ~40-50 ka, mainly because of the relatively high dose rates encountered). Another 
method was clearly needed if older loess samples were to be dated successfully. As a 
consequence, the second part of this thesis deals with the investigation of two other 
approaches to luminescence dating which at the time of our research seemed very 
promising for extending the age range when working with Chinese loess. 
 
A few studies (Jain et al., 2005; Choi et al., 2006) had reported encouraging results from 
dating applications beyond the quartz SAR-OSL dating range, in which a SAR protocol 
was used to measure the isothermal thermoluminescence (ITL) signals from quartz. The 
performance in laboratory tests of such a quartz SAR-ITL procedure is tested for Chinese 
loess samples in Chapter 3. From these results it appears that the first heating of the 
sample causes a sensitivity change which is responsible for an overestimation of the 
measured dose. In Chapter 4 the origin and characteristics of this ITL signal are 
investigated in more detail for several different sediments. This study shows that this 
sensitivity change is common and that the quartz SAR-ITL procedure does not provide a 
reliable method for dating sediments. Another approach to date older loess samples was 
thus needed and the use of a feldspar signal was chosen as an alternative. 
 
It is well-known that TL and IRSL (infrared stimulated luminescence) signals from 
feldspar saturate at much higher doses than OSL signals from quartz and thus have the 
potential to increase the age range. Unfortunately, feldspars are known to suffer from an 
unexpected loss of luminescence with storage time, called anomalous fading (Aitken, 
1985), which is responsible for much of the age shortfall in the feldspar luminescence ages. 
In the past, numerous luminescence dates on Chinese loess have been obtained by using 
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multiple aliquot TL and IRSL methods on polymineral fine-grains. Many inconsistent 
results have been obtained using these earlier methods (Kohfeld and Harrison, 2003), in 
part attributable to anomalous fading which at that time was often not detected due to the 
low precision of the multiple aliquot approach. Recent single aliquot based methods now 
allow us to detect fading rates of only a few percent and models have also become 
available to correct the IRSL ages (Huntley and Lamothe, 2001; Auclair et al., 2003). In 
this thesis, we investigate whether a SAR-IRSL protocol applied to polymineral fine-grains 
can be used to date Chinese loess beyond the range of the quartz SAR-OSL method. 
  
Because very reliable age control in loess is unavailable in the age range of interest, it was 
decided to apply this method first on sand-sized K-feldspar grains of an Eemian marine 
sand sequence, where a tight independent age control (~125-130 ka) is available (Chapter 
5). The obtained fading-corrected SAR-IRSL K-feldspar ages proved to be in very good 
agreement with the expected age range and hence, the applied method seems reliable to 
date old sediments. 
 
This has prompted us to apply this approach to polymineral fine-grains extracted from 
Chinese loess and this research is discussed in Chapter 6. We specifically tested our 
samples for anomalous fading and used the observed fading rate to correct the IRSL ages. 
The corrected IRSL ages are compared with quartz SAR-OSL dates and with the available 
pedostratigraphic age control at the Luochuan site. The results indicate that the SAR-IRSL 
dating method with anomalous fading correction yields reliable ages estimates for Chinese 
loess over almost the entire last interglacial-glacial cycle. 
 
In this thesis we show that the quartz OSL dating method is a powerful tool to date the 
primary sandy infill of frost wedges and to establish high-resolution absolute chronologies 
for Chinese loess deposits. We also identified the limitations of this technique to erect 
chronologies for old loess sediments. Two recently developed luminescence dating 
techniques, one based on TL signals from quartz and the other on IRSL signals from 
feldspar were investigated for their potential to date beyond the quartz OSL age range. In 
this way, our work contributes to the research effort made by the luminescence dating 
community to improve the age range for the luminescence dating method.  
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Abstract 
 
We report on the application of quartz optically stimulated luminescence (OSL) dating to 
the infill of relict sand wedges and composite-wedge pseudomorphs from five different 
sites in Flanders, Belgium. A laboratory dose recovery test indicates that the single-aliquot 
regenerative-dose (SAR) procedure is suitable for our samples (measured to given dose 
ratio 0.980±0.005, n=139). Fourteen individual wedges have been dated using OSL. The 
completeness of resetting of the wedge-infill of two samples was confirmed by single grain 
analyses. The suite of optical ages indicates that thermal contraction cracking and infilling 
with windblown sediment appears to have been commonplace in Flanders during the Late 
Pleniglacial (OIS 2); more specifically during the Last Glacial Maximum (LGM, ~21 ka) 
and the transition period between the LGM and the start of the Lateglacial (~14 ka). At one 
site, optical dating has revealed two significantly older wedge levels, the younger inset into 
the older; the younger wedge has an age of 36±4 ka (Middle Pleniglacial, OIS 3) and the 
older wedge has an age of 129±11 ka which points at formation during the Late Saalian 
(OIS 6). We conclude that optical dating using quartz SAR-OSL is a powerful tool to 
establish an absolute chronology for these periglacial phenomena and allows more secure 
palaeoenvironmental reconstructions to be made. 
 
Keywords: sand wedge, composite-wedge pseudomorph, aeolian infill, optical dating, 
quartz, single grain, Flanders 
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1.1 Introduction  
 
Frost wedges are well-known periglacial structures formed by thermal contraction cracking 
of frozen ground during cold periods (Kolstrup and Mejdahl, 1986). In modern periglacial 
environments a variety of wedge types occur depending on the type of infill: ice wedges, 
ground wedges and composite ground-ice wedges in permafrost, and ground wedges filled 
with ground in a seasonally thawed layer (Harry and Gozdzik, 1988). The latter may 
contain ground deposited directly in thermal contraction cracks similar to ground wedges 
in permafrost, but may also form by secondary seasonal infilling associated with melting of 
ice veins in the seasonally thawed layer. The term 'ground' refers to all types of loose earth 
materials, including mineral and lithic grains of all sizes (silt, sand and gravel) (Harry and 
Gozdzik, 1988). Ground wedges with a primary sandy infill are commonly referred to as 
'sand wedges' (Murton et al., 2000). A primary infill refers to the original infilling of 
thermal contraction cracks whereas a secondary infill is used for sediment which replaces 
the original ice content.  
 
Evidence for the formation of frost wedges in a Pleistocene cold environment, in the form 
of relict forms and pseudomorphs, is widespread in Europe. They provide valuable 
information about former periglacial conditions and associated climatic parameters such as 
the mean annual air temperature and the air mean temperature of the coldest month 
(Vandenberghe and Pissart, 1993). The term 'relict' is used for wedges that did not 
experience thaw modification and for which the original shape and infill has been 
preserved. 'Pseudomorphs' are formed by thaw modification of frost wedges containing ice 
(ice wedges and composite wedges) and usually they show little resemblance to the 
original form. During thaw modification material from above and/or the sides of the wedge 
replaces the space taken by the original ice volume (Murton and French, 1993; French, 
1996). Based on the type of infill of the relict forms and pseudomorphs Kolstrup (1986) 
and Gozdzik (1994) distinguish: frost wedge pseudomorphs with a secondary infill (ice-
wedge pseudomorphs), frost wedge pseudomorphs with a composite infill (composite-
wedge pseudomorphs), relict frost wedges with a primary infill (relict sand wedge), relict 
frost wedges with a secondary seasonal infill and relict frost wedges with a composite 
seasonal infill. Wedges with a composite infilling show evidence for both a primary and 
secondary infilling. 
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Absolute dating of relict forms and pseudomorphs which contain predominantly a primary 
infill may yield important information for palaeoclimatic and geomorphological studies. 
Direct dating of the wedge-infill, deposited in open thermal contraction cracks, could 
provide age estimates of wedge growth in a periglacial environment (Koster, 2005; Murton 
et al., 2000). Due to the stringent climatic conditions during which frost wedges develop, 
organic material for radiocarbon dating is invariably scarce. Optically stimulated 
luminescence (OSL) dating should provide an alternative approach to derive an absolute 
chronology for these wedges.  
 
Until now, luminescence dating of the primary infill of relict frost wedges has only been 
applied in a few studies. In Europe, Christiansen (1998) reports revised 
thermoluminescence (TL) dates using K-feldspar first presented by Kolstrup and Mejdahl 
(1986) for three wedge infills at a site in western Jutland (Denmark). The TL age estimates 
for the three wedges are 24±2 ka, 33±3 ka and 53±5 ka; additionally Christiansen (1998) 
gives a TL/OSL age estimate for a single sand wedge in southwestern Jutland of 33.5±1.5 
ka. A more recent study by Kolstrup (2004), also in western Jutland, lists single-aliquot 
regenerative-dose (SAR) OSL ages on quartz consistent with the first part of the Saalian 
(~270 ka). However, optical ages of the host sediments with the same technique appear to 
have a Late Saalian (~150 ka) age. It is possible that in this study the application of quartz 
SAR-OSL is close to or beyond the upper dating limit. In NE Germany (Brandenburg), 
Böse (1992) gives two luminescence dates using sand-sized K-feldspars on the same 
sample of a relict sand wedge. The dates are 19.4±1.5 ka using a multiple-aliquot TL 
technique (Mejdahl, 1988, 1991) and 19.3±1.5 ka using one of the first single aliquot IRSL 
techniques (Duller, 1991). Finally, optical dating was also applied to sand wedges formed 
in Weichselian tills at two sites in western Poland (Böse, 2000). Equivalent doses were 
measured on feldspars for one sample and on quartz for another sample using the single-
aliquot regeneration and added dose (SARA) procedure (Mejdahl and Bøtter-Jensen, 
1994). The feldspar measurements yielded a mean value of 12.9±1.3 ka (n=4) and 
measurements on quartz gave a value of 14.3±1.4 ka (n=3). 
 
Some optical dating studies on frost wedges related to the Laurentide ice sheet have also 
been carried out in North-America and Canada. Murton et al., (1997) report on multiple-
aliquot additive-dose infrared stimulated luminescence (IRSL) ages on coarse K-feldspar 
grains and polymineral fine-grains giving a weighted mean age of 14.0±1.0 ka (n=7) for 
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two sand wedge infills on Summer Island (Northwest Territories, Canada). An additional 
sample yielded a fading-corrected IRSL age of  16.1±0.2 ka (J. Murton, 2005, private 
communication). French et al. (2003) obtained luminescence dates using multiple-aliquot 
procedures on quartz (green light stimulation) and polymineral fine-grains (IR stimulation) 
from the infill of three sand wedges in Pine Barrens (southern New Jersey, USA). These 
dates point at two separate periods of frost wedge formation during the Late Pleistocene. A 
first period around 15-18 ka and an earlier one >55-65 ka based on OSL from quartz; the 
IRSL ages measured on polymineral fine-grains are much higher. The authors suggest that 
the quartz ages are more likely to reflect the time since burial and are thus considered to be 
most reliable. 
 
No absolute age estimates exist for frost wedges in Flanders (Belgium) although in other 
places in Europe the mid-latitude periglacial deposits (coversands and loess belt) in which 
they developed have been subject to several luminescence dating studies (see review by 
Koster, 2005). Moreover, as can be seen from the literature outlined above, the single-
aliquot regenerative-dose (SAR) procedure (Murray and Wintle, 2000) has not been 
applied to this type of periglacial sediment despite this procedure being otherwise widely 
used (Murray and Olley, 2002).  
 
In this paper, fourteen sand-filled wedge structures from five locations in Flanders 
(Belgium) are studied (Sint-Niklaas, Belsele, Vrasene, Aalter and Ruddervoorde; Fig. 1.1). 
The sand-filled wedges are interpreted as relict sand wedges and composite-wedge 
pseudomorphs that were either exclusively, or to a very large degree, filled with sand 
(primary infill). In both cases it is very likely that the sandy infill was transported by wind 
and deposited in open thermal contraction cracks (Ghysels and Heyse, 2006). We 
investigate the luminescence characteristics (e.g. preheat plateau test, dose recovery test) of 
the sand-sized quartz extracted from the wedge infill to test its suitability for optical dating 
using the SAR-procedure. The completeness of the resetting by daylight of the latent 
luminescent signal during transport and deposition of the quartz grains is of primary 
importance in optical dating. Based on field observations and sedimentological analysis, all 
wedges are believed to have an aeolian infill. We test this hypothesis on two samples by 
measuring equivalent dose distributions using single grains of quartz and we present the 
first optical ages for a set of relict sand wedges and composite-wedge pseudomorphs in 
Flanders. 
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 1.2 Study area, site and sampling description 
 
1.2.1 Geomorphological setting 
 
The northwestern part of Belgium is a low-lying region (0-50 m a.s.l.) that forms part of 
the North European lowlands. It is underlain by Quaternary sandy deposits that gradually 
change to more silty deposits and loess towards the South (Maréchal and Maarleveld, 
1955; Pissart, 1976). The main geomorphological structure of northwestern Belgium 
consists of dissected interfluves and valley depressions which correspond to an erosional 
relief buried by mainly Late Pleistocene sandy deposits (Heyse, 1998). The main valley 
system is the Flemish Valley, a deeply incised Pleistocene valley filled up with Late 
Pleistocene deposits that are up to 30 metres thick (Fig. 1.1). On the adjacent interfluves 
(e.g. the Central West Flanders plateau, the Waasland plateau) Quaternary sediments are 
generally thinner (a few metres) or even discontinuous. In the valleys dissecting the 
interfluves they can reach a greater thickness. The study sites are located at two different 
geomorphological settings lying about 50 km apart: the Central West Flanders plateau (1, 
2) and the Waasland plateau (3, 4, 5) (Fig. 1.1). The Central West Flanders plateau is 
composed of a series of southward facing cuestas whereas the Waasland plateau represents 
the northern gentle slope of a single cuesta ridge facing to the south. Both units are buried 
by Late Pleistocene sediments. 
 
The geomorphologic structure is the result of a geological history which started at the end 
of the Miocene with regression of the sea and subsequent erosion of the exposed land. 
During the Pleistocene, successive phases of erosion and sedimentation resulted in a net 
lowering of the relief. Differential erosion of the Tertiary sediments comprising an 
alteration of clay and sand layers weakly dipping to the north resulted in the typical cuesta 
morphology. One of the key features in the geomorphological evolution is the formation of 
the Flemish Valley system during the later part of the Pleistocene (De Moor and Heyse, 
1978). The deepest incision of this valley system occurred during the Saalian (30 metres 
below present day sea level). During the Late Pleistocene, the Flemish Valley system 
became filled with fluvial and aeolian sediments. At the end of the last glacial, 
sedimentation was characterised mainly by fluvio-aeolian and aeolian sandy deposits 
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which blanketed the pre-existing morphology including the interfluves (Pissart, 1976; 
Kasse, 2002). These sands are commonly referred to as 'coversands'.  
 
 
Figure 1.1. Map showing the main geomorphological features and sampling sites in lowland 
Belgium. The boundary of the Flemish Valley is based on Tavernier and De Moor (1975) and the 
coversand area on Maréchal (1992). The inset shows the extent of the Fennoscandian ice sheet 
during the Last Glacial Maximum (maximum ice limits are based on Huijzer and Vandenberghe 
(1998) and Van Vliet-Lanoë and Hallegouët (2001)). Investigated sites: (1) Ruddervoorde 
(51°06'56" N, 03°10'46" E; + 21.0 m a.s.l.), (2) Aalter (51°04'56" N, 03°25'09" E; + 20.0 m a.s.l.), 
(3) Sint-Niklaas (51°08'26'' N, 04°10'24'' E; + 25.0 m a.s.l.), (4) Belsele (51°09'11'' N, 04°07'39'' E; 
+ 20.0 m a.s.l.), (5) Vrasene (51°13'03'' N, 04°12'21'' E; + 5.0 m a.s.l.). 
 
The lithostratigraphy of the late Weichselian aeolian sands comprises silty sands and non-
silty sands classified at first as Older Coversands and Late Coversands (Paepe and 
Vanhoorne, 1967). Later these units were correlated with the Older and Younger 
Coversands in the Netherlands respectively (Zagwijn and Paepe, 1968). The Older 
Coversands are subdivided into the Older Coversands I (OCI) and Older Coversands II 
(OCII) separated by a prominent erosional surface typically covered by a gravel layer. This 
gravel bed was termed 'desert pavement 3' in Belgium and was correlated with the 
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Beuningen Gravel Bed (BGB) in the Netherlands (Zagwijn and Paepe, 1968). The Older 
Coversands II are separated from the overlying Younger Coversands (YCI and YCII) by a 
peat layer or a loamy bed but these transitional units are not always be observed in the field 
(Kasse, 2002; Vandenberghe et al., 2004). The Younger Coversands themselves are 
subdivided into Younger Coversand I (YCI) and Younger Coversand II (YCII) base on an 
intercalated peat layer or palaeosol ('Usselo soil') (Kasse, 2002). However, in this work, it 
was impossible to discern Older Coversands from the Younger Coversands and also to 
subdivide the Younger Coversands (Fig. 1.2A).  
 
In the past, the individual lithostratigraphic units were attributed to single stadial or 
interstadial phases (Zagwijn and Paepe, 1968). However, recent work shows that these 
units may be time-transgressive. For example, deposition of the Older Coversands II, 
previously assigned to the Late Pleniglacial (Zagwijn and Paepe, 1968), seems to have 
continued into the Lateglacial (Kasse, 2002). The whole coversand succession is well 
developed on the Waasland plateau but is reduced or nearly absent on the Central West 
Flanders plateau (Fig. 1.2A,B). 
 
1.2.2 Luminescence sampling 
 
All samples for OSL dating were collected from composite-wedge pseudomorphs 
generally showing evidence for high proportions of primary infilling and from relict sand 
wedges. Typically, the relict sand wedges are characterised by a vertical to subvertical 
laminated infill, sand veins branching from wedge sides and toes, host inclusions cross-cut 
by sand veins and upturned host strata (Murton et al., 2000). Despite some (local) 
downwarping of the host strata, the composite-wedges pseudomorphs investigated in this 
work display characteristics that are similar to those of the relict sand wedges. This 
suggests that the ice content in the original wedges must have been small, otherwise the 
vertical stratification within the wedges would have been destroyed during thaw 
modification (Murton and French, 1993). For every site the different wedge types are given 
in Table 1.1. The wedges are named after their luminescence sample code. 
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Luminescence samples were taken by hammering steel cylinders (5 cm diameter) into the 
central or most homogeneous part of the wedge-infill. Separate sediment samples were 
collected from around the cylinders for high-resolution gamma spectrometry and water 
content determination. In case the surrounding material was heterogeneous within a radius 
of ~20 cm from the centre of the sample tube, an extra gamma-spectrometry sample from 
the host material was taken to evaluate the gamma-contribution more accurately. This will 
be discussed in more detail in section 1.6. 
 
1.2.3 The Waasland plateau: Sint-Niklaas, Belsele and Vrasene 
 
The Sint-Niklaas, Belsele and Vrasene sites are situated on the Waasland plateau (3, 4, 5; 
Fig. 1.1). The plateau is underlain by a >1.5 m cover of Quaternary sediments overlying 
Tertiary marine sands and clays. The lithostratigraphy and chronostratigraphy of the 
exposed sediments and the observed cryogenic features (e.g. ice wedge pseudomorphs, 
relict sand wedges) are given in Fig. 1.2A.  
 
At Sint-Niklaas, a sequence of Pliocene glauconiferous sands and the entire Late 
Pleniglacial to Lateglacial coversand succession was observed. At different levels in the  
sequence composite-wedge pseudomorphs and ice-wedge pseudomorphs were found (Fig. 
1.2A). The lowermost level comprises a suite of well-developed composite-wedge 
pseudomorphs cut by a gravel bed and extending down into the glauconiferous sands 
(NIK67/1). At the same level and also truncated by the gravel bed, a second generation of 
wedges (NIK6/17) dissects the wedges from the first generation. About 0.5m higher, 
wedges from the next level (NIK62/1) extend down into Older Coversands I and are cut by 
a gravel bed which is presumably the BGB. The overlying coversands also contain 
periglacial structures such as ice-wedge pseudomorphs (Fig. 1.2A). Fig. 1.3C,D illustrates 
some of the features of these wedges including the position of the luminescence samples.  
 
At Belsele, a continuous sheet of Late Pleniglacial to Lateglacial sandy and silty sediments 
covers and obliterates the underlying morphology. The sediments are thinner on the 
interfluves than in the lower lying parts of the section (Fig. 1.2A). Similar to the Sint-
Niklaas site, the gravel bed beneath the coversands most likely forms the equivalent of the 
BGB in the Netherlands.  
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Figure 1.3. Details of the wedges and the luminescence sample positions in the Waasland plateau. 
(A-D) Pictures of the individual wedges showing the steel cylinders used for luminescence 
sampling (except in (A) where the cylinder was already removed). One scale division represents 20 
cm in (A), (B) and (D); the scale in (C) is in cm. (Photos taken by Gunther Ghysels) 
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At Belsele, two well-developed networks of wedge structures were observed: a lower suite 
of complex wedges extending into Oligocene clays, and an upper suite within the silty 
coversands of sand-filled wedges interpreted as relict sand wedges. From the upper suite, 
two stratigraphically equivalent sand wedges were studied (BEL1 and BEL2); a 
photograph of sand-filled wedge BEL1 which illustrates the luminescence sampling 
position is shown in Fig. 1.3A. According to our field observations, the relict sand wedges 
at Belsele probably correlate with sand-filled veins (with a composite infill) overlying the 
third generation wedges (NIK 62/1) at Sint-Niklaas, suggesting that sand wedge growth at 
Belsele postdates the formation of these wedges (Fig. 1.2A).  
 
At Vrasene, a variety of wedges types were observed beneath and within Late Pleniglacial 
and Lateglacial coversands. Luminescence samples were collected from the infill of three 
composite-wedge pseudomorphs (VRA11, VRA19 and VRA26; Fig. 1.2A). The lowest 
wedge (VRA19) extends down from the BGB and is formed in glauconiferous Pliocene 
sands similar to the lower two levels at the Sint-Niklaas site (Fig. 1.3B). The 
lithostratigraphic position of the wedges VRA11 and VRA26 is somewhat uncertain 
because of the discontinuous profiles but both wedges are surely situated above the BGB 
(Fig. 1.2A). 
 
From the observations above and mainly those made at Sint-Niklaas, we can deduce that a 
succession of at least four generations of composite-wedge pseudomorphs and relict sand 
wedges has developed beneath and within the Late Pleistocene deposits of the Waasland 
plateau. 
 
1.2.4 The Central West Flanders plateau: Ruddervoorde and Aalter  
 
Ruddervoorde and Aalter are situated on the Central West Flanders plateau, a small plateau 
extending between the Coastal Plain and the Flemish Valley (Fig. 1.1). The sand-filled 
wedges at these sites are interpreted as composite-wedge pseudomorphs and are near 
surface features As a result, their polygonal arrangement may become visible as polygonal 
crop marks on aerial photographs (see Fig. 2 in Ghysels and Heyse, 2006).  
 
At Ruddervoorde, large sand-filled wedges arranged in a large-scale polygonal network 
extend down from the base of the plough layer into Eocene glauconiferous fine sandy clays 
Optical dating of relict sand wedges and composite-wedge pseudomorphs in Flanders (Belgium) 
 31
and clayey sands. They are interpreted as composite-wedge pseudomorphs. Three samples 
(RUD1, RUD2 and RUD2bis) were taken in the same network of pseudomorphs (Fig. 
1.2B, Fig. 1.4A-C ).  
 
 
Figure 1.4. Details of the wedges and luminescence sampling positions at the Central West 
Flanders plateau. (A) Section drawing of a composite-wedge pseudomorph penetrating sandy and 
clayey host materials at Ruddervoorde (08/11/2003; for more details see Fig. 5 in Ghysels and 
Heyse 2006). (B-D) Pictures of the individual wedges and position of the luminescence samples. 
The calculated optical ages are also given and one scale division represents 20 cm. (Drawing and 
photos provided by Gunther Ghysels) 
 
 
At Aalter, composite-wedge pseudomorphs extend down from the base of the plough layer 
into Eocene glauconiferous sands (Fig. 1.2B, Fig. 1.4D). Relict sand wedges occur 
superimposed on the composite-wedge pseudomorphs, suggesting that sand wedge growth 
postdates composite-wedge growth and degradation. Two samples for luminescence dating 
were taken from a composite-wedge pseudomorph (AAL3 and AAL3bis); sample AAL4 
was collected in the relict sand wedge penetrating the pseudomorph (Fig. 1.2B, Fig. 1.4D). 
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1.3 Sample preparation and analytical facilities 
 
For all measurements 180-212 µm grains of quartz were separated using conventional 
sample preparation techniques (10% HCl, 10% H2O2, heavy liquid (sodium-polytungstate) 
density separation (2.62 g/cm3 and 2.75 g/cm3) and 40 minutes etching with 40% HF; see 
Aitken, 1998 and references therein). After etching the grains were washed in warm HCl 
(10%) to remove any precipitated fluorides and resieved to >180 µm.  
 
For the large aliquot (8 mm diameter) work, measurements were made with a conventional 
Risø TL/OSL reader equipped with blue LEDs (470±30 nm), infrared (IR) diodes (875 nm) 
or an 830 nm IR-laser (Bøtter-Jensen and Murray, 1999; Bøtter-Jensen et al., 2003). 
Luminescence was detected through 7.5 mm of Hoya U-340 filter. Blue-light stimulated 
luminescence (BLSL) and IRSL were measured for 40 s and the initial 0.8 s of the decay 
curve minus a background derived from the last 4 s was used for calculations.  
 
Measurements on single quartz grains were carried out on a Risø reader with a single-grain 
laser attachment (Duller et al., 1999; Bøtter-Jensen et al., 2000). Specifically designed 
aluminium discs, each having 100 holes (300 µm diameter, 300 µm deep) in a 10 by 10 
grid (600 µm between hole centres), were used for holding the grains. Visual inspection 
under subdued light ensured that each hole of the single grain disc contained only one 
grain. The individual quartz grains were stimulated with a 10 mW Nd:YVO4 solid state 
diode pumped laser emitting at 532 nm and luminescence was detected through a 2 mm 
BG4 and 1 mm UG1 filter set. Single grains were stimulated for 1 s and the initial 0.1 s 
minus a background of the last 0.32 s was used for dose calculations. 
  
Samples for high-resolution gamma spectrometry were dried, ground and cast in wax to 
retain radon (222Rn) and to provide a constant counting geometry. The gamma 
spectrometry calibration is described in Murray et al. (1987). Radionuclide concentrations, 
estimated water content values, beta and gamma dose rates (dry material) and total dose 
rates are summarised in Table 1.1. 
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1.4 Luminescence characteristics 
 
1.4.1 Equivalent dose determination 
 
Equivalent dose (De) determination was carried out following the single-aliquot 
regenerative-dose (SAR) procedure of Murray and Wintle (2000) (Table 1.2). The strength 
of the SAR-procedure is that it corrects for sensitivity changes that may occur during the 
measurement cycles; the sensitivity correction is made by dividing the OSL response from 
a regenerative dose (Lx) by its corresponding test dose OSL response (Tx). The 
regenerative doses are chosen in such a way that the corresponding sensitivity-corrected 
luminescence responses (Lx/Tx) encompass the natural corrected luminescence (Ln/Tn). The 
De is then obtained through interpolation. A representative sensitivity-corrected SAR 
growth curve for sample BEL1 is shown in Fig. 1.5. Two tests are incorporated in the SAR 
procedure: the response to a zero Gy dose is measured to check if the growth curve passes 
through the origin (recuperation, open circles) and a point on the growth curve is 
remeasured to verify if the sensitivity correction is working well (recycling ratio, open 
triangles). Both at low and high doses the sensitivity-corrected growth curve is 
reproducible. The inset to Fig. 1.5 shows a typical natural decay curve from quartz (solid 
line) clearly dominated by the 'fast' component (Jain et al., 2003). The absence of a 
significant IRSL response (dotted line in the inset) illustrates the purity of this aliquot. 
 
Table 1.2. Outline of the single-aliquot regenerative-dose (SAR) procedure  
                  (Murray and Wintle, 2000). 
 
Step Treatment Observation 
1 Give dose, Dia - 
2 Preheat (160-300°C) for 10 s - 
3 OSL measurement at 125°C Lx 
4 Give test dose, Dtb - 
5 Cut heat (160-300°C)  - 
6 OSL measurement at 125°C Tx 
7 Return to step 1  
   a D0 = natural dose 
   b Fixed test dose, Dt = 3.3 Gy 
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Figure 1.5. Single-aliquot regenerative-dose (SAR) growth curve for a single aliquot of sample 
BEL1, showing recycled points (open triangles) and zero dose points (open circles). The datapoints 
describing the growth curve have been fitted with a sum of two saturating exponentials. The inset 
shows the natural decay curve (solid line) and the IRSL response (dotted line) at room temperature 
for a regenerative dose of ~19 Gy. 
 
1.4.2 Preheat plateau and dose recovery tests 
 
To investigate the influence of the preheat temperature on the determination of De, a 
preheat plateau test was carried out on sample BEL1. The preheat temperature was varied 
between 160 and 300°C (duration=10 s) and three aliquots were measured per 20°C 
preheat step. The preheat of the test dose (cut-heat) remained constant and involved 
heating to 160°C and immediately cooling down to room temperature. The De value 
appears to be insensitive to preheat temperature up to about 260°C; recycling ratios are 
close to unity and the recuperation stays below ~1% of the corrected natural OSL signal in 
the 160 to 280°C temperature interval (Fig. 1.6).  
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Figure 1.6. (A) Equivalent dose as a function of preheat temperature for sample BEL1. The cut-
heat temperature was kept fixed at 160°C. Three aliquots were used per preheat temperature and 
the error bars represent 1 standard error. The dashed line is drawn at the average De of the aliquots 
measured with preheat temperatures between 160 and 260°C (B) Recycling ratios and recuperation 
as a function of preheat temperature for the same aliquots as in (A). A dashed line is drawn at 1.0 to 
illustrate perfect recycling. 
 
The most stringent test that can be carried out in the laboratory when no other absolute age 
information is available is a dose recovery test. Natural aliquots were bleached twice for 40 
s at room temperature, separated by a 10 ks pause, and given a β-dose of 19 Gy; this dose 
was then measured in the same way as the natural dose. The dose recovery test was 
undertaken for sample BEL1 using different preheat temperatures (ranging between 160 
and 300°C) and a fixed cut-heat of 160°C. The results are shown in Fig. 1.7A and it 
appears that temperatures up to 260°C are appropriate for this sample. Averaged over all 
our samples using a 10 s preheat of 240°C and cut-heat of 160°C, a measured to given dose 
ratio of 0.980±0.005 (n=139; minimum 4 aliquots per sample) was derived, indicating that 
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an accurate measurement of a laboratory dose given prior to any heat treatment can be 
made (Fig. 1.7B). 
 
Based on the results of the preheat plateau and dose recovery test, a preheat at 240°C for 
10 s and a cut-heat of 160°C was chosen for all further analyses, including the 
measurements on single grains (section 1.5). The values of De, recycling ratio and 
recuperation are summarised in Table 1.3. The De estimations vary between ~18 and ~28 
Gy except for two samples from Sint-Niklaas (NIK67/1: 178±12 Gy; NIK6/17: 66.8±6.5 
Gy). It can be seen from the shape of a typical SAR growth curve for sample BEL1 that all 
the measured De values in this study are well below the saturation level of the growth 
curve (Fig. 1.5). For all our samples recuperation is low (<2.5% natural) and recycling 
ratios are close to unity. The satisfactory behaviour of these samples when using our SAR 
protocol confirms the results by Vandenberghe et al. (2004) and Kasse et al. (2006); they 
demonstrated the suitability of a similar SAR protocol for De determination of sand-sized 
quartz extracted from Late Weichselian coversands of the southern Netherlands.  
 
1.4.3 Infrared contamination 
 
It is not unusual to observe IRSL signals from a purified quartz extract. The quartz 
purification procedure, despite heavy liquid separation and etching with HF, is not perfect 
and feldspars or other minerals showing IRSL may remain present as individual grains or 
as inclusions in the quartz crystals. Therefore, at the end of the dose measurement, an 
additional regenerative dose (ranging between ~39 and ~75 Gy) was administered, 
preheated and measured; every aliquot was stimulated by IR (40 s at 30°C) before 
measurement of the BLSL. Aliquots showing an IRSL/BLSL ratio of greater than 10% 
were rejected from the De calculation based on the findings by Vandenberghe (2004, 
p.133) for coversand samples from the southeastern Netherlands. Less than 5% of the large 
aliquots were rejected based on this criterion with most aliquots belonging to samples 
BEL1, RUD1 (both 3 out of 36) and VRA19 (6 out of 24).  
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Figure 1.7. Results for the dose recovery test. (A) Measured to given dose ratios as a function of 
preheat temperature (fixed cut-heat to 160°C) for sample BEL1. Three aliquots were used per 
preheat temperature and the error bars represent 1 standard error. The solid line illustrates perfect 
dose recovery. (B) Histogram summarising the dose recovery data for all samples in this study.  
 
1.5 Dose distributions 
 
In some cases the resetting by sunlight of the OSL signal may not be complete and it can 
be expected that the dose estimate is made up of more than one dose population. For such 
samples, the measured dose in large aliquots using the average OSL signals of several 
hundreds of quartz grains will be higher than the true dose acquired since deposition; this 
causes the OSL age to be an overestimate. Post-depositional mixing with sediment that is 
younger or older than the sediment to be dated is another process which may cause both 
age under- or overestimations. By reducing the number of grains in the individual aliquots 
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– in the extreme case to a single quartz grain – any dose heterogeneity in the sample 
arising from these causes is accentuated. This allows detection of different populations in 
the distribution; in the case of incomplete bleaching a tail extending to higher doses will be 
present. Statistical models can then be applied to extract the best estimate of the burial dose 
(e.g. Olley et al., 1998; Galbraith et al., 1999; Lepper et al., 2000; Fuchs and Lang, 2001; 
Thomsen et al., 2003). Several OSL dating studies, both in (glacio)-fluvial and aeolian 
settings have now succesfully employed single grains of quartz to estimate the degree of 
resetting and to obtain, in most cases, a meaningful depositional age for such problematic 
samples (Baran et al., 2003; Feathers, 2003; Jacobs et al., 2003; Olley et al., 2004; Thomas 
et al., 2005; Bøe et al., 2007). In this study we tested the assumption of complete resetting 
of the wedge infill and the absence of intrusive grains for two samples (BEL1, RUD1) 
which are believed to have a primary aeolian infill.  
 
There are important differences between the data analysis of large aliquots and single 
grains. The light levels measured in single grains are much lower and so the contribution of 
counting statistics to the uncertainty on individual dose estimates will be higher and the 
dose distribution wider. In dose distribution analysis it is also necessary to eliminate 
certain factors (e.g. aliquots/grains which do not respond correctly to SAR measurements) 
that may distort the shape of the distribution. Individual De values from single grains were 
included in the dose distribution only if they met the following criteria (based on Thomsen 
et al., 2005): 
 - The error (based on counting statistics only) on the natural test dose signal (Tn) is 
 less than 20%  
 - The recycling ratio is within two standard deviations of unity 
 - The dose response curves increase steadily with higher regenerative doses and the 
 decay curve characteristics appear typical for quartz. 
 
Using heated and gamma-dosed quartz, Thomsen et al. (2005) showed that a single grain 
measurement in ideal conditions cannot be made more precisely than about 8-9% because 
of several factors both known (instrument reproducibility, beta source heterogeneity) and 
unknown. Thus, for the single grain measurements we have added an uncertainty of 10% 
on top of the error arising from counting statistics.  
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There are several ways to display dose distributions and each graphical representation has 
advantages and disadvantages. Here, we use histograms and radial plots to visualise the 
results (Fig. 1.8). Histograms are easy to discuss but in these equal weight is given to each 
datapoint, irrespective of the precision with which the dose value is known. To avoid the 
influence of imprecise results on the single grain dose distribution only doses with a 
relative error <30% are included in the histograms presented here (i.e. all uncertainties lie 
between 30% and 10%). Radial plots (Galbraith, 1990; Galbraith et al., 1999), on the other 
hand, take into account the precision on the dose estimates but are slightly more difficult to 
interpret. In these plots all dose estimates are plotted with their individual uncertainties. 
The y-axis is a circular scale on which the dose can be read off by drawing a straight line 
from the origin of the radial plot through the datapoint. The x-axis gives the precision with 
which a value is known and can be simply obtained by drawing a vertical line from the 
datapoint to the x-axis. The more precise a value is known the more to the right it will plot. 
An interesting property of a radial plot is that a ±2σ band can be displayed for which 95% 
of the data of a Gaussian distribution falls within this band. For more details about radial 
plots, the reader is referred to Galbraith (1988, 1990) and Galbraith et al. (1999). 
 
1.5.1 Dose recovery of a bleached and gamma-dosed sample  
 
In order to confirm that a natural dose distribution is made up of a single population (no 
incomplete bleaching or intrusive grains) it is desirable to know the characteristics of a 
distribution consisting of completely bleached quartz grains that have received their dose 
in a homogeneous radiation field. To this end, a few hundred mg of etched 180-212 µm 
quartz grains of sample BEL1 were bleached for 1 hour in a Hönle SOL2 solar simulator 
and the completeness of bleaching was tested by measuring the apparent De from 1000 
single grains. An average residual dose of -0.03±0.08 Gy (n=26) was obtained using the 
rejection criteria given above. This indicates that 1h of SOL2 bleach was sufficient to 
completely reset this sample. A portion of these grains were then given a gamma-dose of 
about 20 Gy with a 60Co source. The results are shown in Fig. 1.8A. The histogram is fairly 
symmetric and the distribution has a relative standard deviation (RSD) of 16%. The results 
are also shown as radial plots, where 97% of the dose estimates fall within the ±2σ band. In 
this type of dose recovery experiment, carried out in controlled laboratory conditions 
(well-bleached and homogeneously dosed) 95% of the doses are expected to fall within the 
±2σ band of a radial plot. It is concluded that an addition of 10% to those uncertainties 
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arising from counting statistics is justified. Any well-bleached natural dose distribution 
should be made up of doses showing a similar, or greater, spread in the results. 
 
1.5.2 Dose distributions of natural samples 
 
Dose distributions using large aliquots for samples BEL1 and RUD1 have RSDs of 12% 
(data not shown). Single grain dose distributions have a RSD of 22% for BEL1 and 29% 
for RUD1 which is signifcantly higher (Fig. 1.8B,C). The histograms do not exhibit clear 
signs of skewness and in the radial plots 89% and 78% of the grains lie within ±2σ of the 
mean value. The relatively high RSDs in the single grain De values observed in this study 
are not unusual and have been reported before for well-bleached samples (e.g. Jain et al., 
2002; Thomas et al., 2005; Bøe et al., 2007). The overall recovery of single grains after 
testing against all criteria is about 2% (Fig. 1.8). Unfortunately, our single-grain system 
was not equipped with an IR laser to test the presence of feldspar in the single grain 
analyses as was done by Olley et al. (2004) and recommended by Jacobs et al. (2006). 
Thus, we can not exclude the presence of some grains in the single grain distributions that 
are sensitive to IR light; removal of doses from IR sensitive grains might have helped to 
reduce the observed scatter.  
 
Although the dose distributions have large RSDs, it is concluded from the close to 
symmetric shape and comparison with the results from our dose recovery experiment that 
our samples are well-bleached and do not contain intrusive grains from host material. This 
justifies the use of a simple arithmetic mean of the large aliquot De values to calculate the 
optical ages for our samples. The average doses in the large aliquots containing thousands 
of grains are, for both samples, completely consistent with those from single grains (Table 
1.3).  
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Figure 1.8. Equivalent dose distributions for single grains of quartz for samples BEL1 and RUD1. 
(A) sample BEL1SOL2bleach+gamma dose, (B) BEL1natural and (C) RUD1natural. Dose histograms contain 
only dose estimates with a relative error <30%. Radial plots include all dose estimates with an error 
on the natural test dose, based on counting statistics of <20%. The value between brackets gives the 
total number of grains measured and n is the number of accepted grains. For single grain results, an 
additional uncertainty of 10% was added to the contribution from counting statistics (Thomsen et 
al., 2005).  
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1.6 Dosimetry 
 
The radionuclide concentrations measured using high-resolution gamma spectrometry were 
converted to dose rate data using the conversion factors from Olley et al. (1996) (Table 
1.1). A contribution from cosmic radiation to the dose rate was calculated following 
Prescott and Hutton (1994) and ranges between ~0.16 and ~0.19 Gy/ka. An internal dose 
rate in quartz grains of 0.06±0.03 Gy/ka was also assumed (V. Mejdahl, 1996, private 
communication). The water content was probably close to saturation over the entire burial 
period; we assumed 90% of the saturation water content (expressed as a percentage of the 
dry weight) as a representative value for all samples and associated an uncertainty of ±5% 
on this value.  
 
Because of the smaller width of some wedges, some samples were taken from a matrix 
which was probably not entirely homogeneous in terms of natural radioactivity. In these 
cases, the estimation of the gamma contribution to the total dose rate needs special 
attention. Gamma rays can travel up to about 30 cm in sediments whereas beta particles 
and alpha particles have a range of only a few mm and a few µm respectively. Alpha 
radiation can be neglected because the outer layer of the quartz grains which may have 
been irradiated by alpha particles is removed by HF etching during sample preparation 
(Aitken, 1985). For the estimation of the beta dose rate the internal activity of the wedge 
infilling was used (Table 1.1). The gamma dose rate, on the other hand, is mainly 
controlled by two factors: the thickness of the homogeneous matrix around the OSL 
sample (related to the shape of the wedge) and the difference in the radionuclide 
concentrations between the wedge infill and the surrounding host material. It is important 
to note that the gamma dose rate contributes only about 30% to the total dose rate absorbed 
by the quartz grains. The remainder comes mainly from beta radiation (50%) and to a 
smaller extent cosmic rays (15%) and quartz internal radioactivity (5%).  
 
To evaluate the gamma dose rate more accurately, additional gamma spectrometry 
analyses were carried out on the material surrounding the wedge sample (host matrix) for 
all wedges from Belsele, Sint-Niklaas and Vrasene (Table 1.1). The infinite matrix gamma 
dose rate in the host matrix is about 30-50% higher than in the wedge infill itself. This is 
probably because the host material is more silty and/or clayey; it is well known that higher 
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radionuclide concentrations are associated with fine-grained sediments (Ivanovich and 
Harmon, 1992; Murray et al., 1992; Olley, 1994). The gamma contribution was evaluated 
for every sample using the model described in Aitken (1985, Appendix H). The width of 
the individual wedges and the position of the OSL tube in the wedge was taken into 
account. An average wet density of about 2 g/cm3 was measured using our samples and 
this value was used for calculations. The modelled gamma dose rate was then used for the 
calculation of the final dose rates given in Table 1.1. In modelling the gamma dose rate, it 
was assumed that a wedge is a homogeneous infinite sediment layer of constant thickness. 
This is an oversimplification for most wedges in this study, because they usually vary in 
width and/or have a limited length (<30 cm of wedge material from the centre of the 
sample cylinder to the host matrix) (Fig. 1.3). Therefore, using the same model, we have 
examined the influence of the thickness of the wedge material around the sampling point 
for sample BEL1; this wedge has a 40% difference in gamma dose rate between wedge 
infill and host matrix. We assume that the sample cylinder (5 cm diameter) was taken in 
the middle of the wedge (which was the case in the field) and consider two extreme cases 
of a very narrow (5 cm) wedge and a fairly broad (30 cm) wedge. The total dose rate for 
sample BEL1 would change from 1.49±0.08 Gy/ka for a 5 cm wedge to 1.36±0.08 Gy/ka 
for a 30 cm wedge; such an extreme variation only changes the age by ~9%, comparable to 
the typical overall uncertainty of 5-10% on a luminescence age (Murray and Olley, 2002). 
For this study, we conclude that even in cases where the wedge shape significantly 
deviates from a layer of constant (measured) thickness, there will be only a marginal 
influence on the optical age.  
 
All wedges from Ruddervoorde and Aalter (except AAL4) are homogeneous within a 
radius of ~30 cm around the OSL sample tube (Fig. 1.4), and so modelling of the gamma 
dose rate was unnecessary. Sample AAL4 was taken in a narrow (~5 cm) relict sand 
wedge; the host sediment consists of glauconiferous (clayey) fine sands which may have a 
different natural radioactivity (Fig. 1.4D). For this sample, both a bulk sample from the 
surrounding material and the wedge material from the ends of the OSL tube were analysed. 
The ratio between the dose rates from the surrounding material and the tube ends is 
0.96±0.07 and 1.09±0.05 for the beta- and gamma-component respectively. It appears that 
the apparent visual heterogeneity between wedge infill and host sediment is not reflected in 
its radionuclide concentrations. Hence, dose rate data from the surrounding material were 
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used for AAL4. The calculated total dose rates for all wedges range between ~1.2 Gy/ka 
and ~1.8 Gy/ka (Table 1.1).  
 
Table 1.3. Summary of the equivalent dose (De) measurements, recycling ratios, recuperation 
values and calculated optical ages. The number of replicate measurements is given between 
brackets. Uncertainties represent 1σ. The luminescence ages were calculated using the dosimetric 
information from Table 1.1. 
 
Site Sample De  
(Gy) 
Recycling Ratio Recuperation 
(% natural)  
OSL age 
(ka) 
      
Belsele BEL1 21.6 ± 0.5  (33) 1.012 ± 0.005 0.89 ± 0.08 15.5 ± 1.0 
 BEL2 21.5 ± 0.6  (23) 1.039 ± 0.009 0.80 ± 0.06 14.0 ± 0.9 
      
Sint-Niklaas NIK62/1 25.7 ± 0.8  (24) 1.025 ± 0.007 1.32 ± 0.18 16.4 ± 1.1 
 NIK67/1 178 ± 12    (25) 1.013 ± 0.007  1.12 ± 0.15 129 ± 11 
 NIK6/17 66.8 ± 6.5  (17) 1.019 ± 0.008  2.15 ± 0.43 36.4 ± 4.1 
      
Vrasene VRA11 19.5 ± 0.4  (36) 1.035 ± 0.005  1.40 ± 0.32 13.9 ± 1.0 
 VRA19 30.5 ± 0.9  (17) 1.011 ± 0.011  1.92 ± 0.23 18.0 ± 1.3 
 VRA26 19.4 ± 0.6  (35) 1.015 ± 0.007  1.09 ± 0.20 14.4 ± 0.9 
      
Aalter AAL3 27.5 ± 0.6  (36) 0.996 ± 0.006 1.35 ± 0.16 21.8 ± 1.2 
 AAL4 18.5 ± 0.5  (36) 1.025 ± 0.007 1.27 ± 0.12 14.8 ± 0.9 
 AAL3bis 26.1 ± 0.7  (24) 1.014 ± 0.007 1.12 ± 0.19 20.4 ± 1.2 
      
Ruddervoorde RUD1 27.6 ± 0.6  (33) 1.003 ± 0.006 1.04 ± 0.11 21.0 ± 1.2 
 RUD2 22.9 ± 0.5  (24) 1.039 ± 0.009 0.92 ± 0.14 19.3 ± 1.1 
 RUD2bis 20.4 ± 0.7  (23) 1.032 ± 0.006 1.62 ± 0.57 15.4 ± 1.0 
 
1.7 Luminescence ages 
 
The calculated optical ages are given in Table 1.3 and shown for each site against the 
Oxygen Isotope Stratigraphy (OIS) from the GRIP ice core in Fig. 1.9. The OSL data vary 
between 129±11 and 13.8±1.0 ka, with most ages falling within the 21.8±1.2 – 13.8±1.0 ka 
time span. These results suggest that different periods with thermal contraction cracking 
and (dominant) aeolian infilling occurred during the end of the Middle Pleistocene and the 
Late Pleistocene. The limited number of OSL ages prior to ~22 ka may be explained by (i) 
less favourable conditions for sand wedge and composite-wedge growth, (ii) erosion of 
older wedges, and (iii) sampling bias. 
 
Two samples of the Waasland plateau yield luminescence dates which are significantly 
older. The oldest wedge (NIK67/1) has an optical age of 129±11 ka. There is some 
evidence that quartz SAR OSL ages in sands may underestimate by ~10% around the 
Eemian (OIS 5e) (Murray and Funder, 2003; Murray et al., 2007). Therefore, the optical 
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age of 129±11 ka of NIK67/1 is considered a minimum age and points at wedge formation 
at least as early as the Late Saalian (OIS 6). Sample NIK6/17 has an optical age of 36±4 ka 
consistent with frost wedge formation during the Middle Pleniglacial (OIS 3) (Kolstrup 
and Mejdahl, 1986; Christiansen, 1998). These older ages were initially unexpected and 
illustrate that one should be cautious not to make far-reaching correlations and 
interpretations solely based on field observations. Nevertheless, from the stratigraphic 
superposition of the wedges from the Waasland plateau, a chronological succession of four 
wedge ages was expected (section 1.2.3; Fig. 1.2A). The ages of the different levels are 
from the bottom to the top: 129±11 ka, 36±4 ka, 16.4±1.1 ka and 14.8±0.7 ka (n=2). Based 
on the optical dating results alone we can only discern three periods of wedge formation 
with certainty: Late Saalian, Middle Pleniglacial and Late Pleniglacial-Lateglacial. The 
relict sand wedges at Belsele (BEL1, BEL2) were correlated in the field with sand-filled 
veins postdating the third level wedges at Sint-Niklaas (NIK62/1), suggesting that sand 
wedge growth at Belsele probably postdates the formation of these wedges (Fig. 1.2A). 
However, the resolution of the OSL ages prevents confirmation of this observation. The 
average age of BEL1 and BEL2 (14.8±0.7 ka) at Belsele is only slightly lower than the age 
of the third generation wedge (NIK62/1, 16.4±1.1) at Sint-Niklaas and both ages are within 
uncertainty (1σ) of each other. 
 
Although no direct independent age control exists, the gravel bed correlated to the BGB 
allows us to compare our results with the established chronostratigraphy for these 
coversands (Kasse, 2002; Vandenberghe et al., 2004; Koster, 2005; Kasse et al., 2006). 
Wedges capped by this gravel bed were dated at 18.0±1.3 and 16.4±1.1 ka whereas wedges 
that are formed in the coversands above this marker horizon yielded ages varying between 
15.5±1.0 and 13.9±1.0 ka. The average age of ~17 ka for the wedges below the BGB 
provides a maximum age for the formation of the BGB and the onset of coversand 
deposition. Our results for the samples above and below the BGB are in fairly good 
agreement with OSL dating studies previously carried out in the Netherlands, in which 
they bracket the BGB boundary between ~15 and 18 ka (Bateman and Van Huissteden, 
1999; Van Huissteden et al., 2001; Vandenberghe et al., 2004; Kasse et al., 2006). The 
presence of well-developed relict sand wedges (BEL1, BEL2) and composite-wedge 
pseudomorphs (VRA11, VRA26) within the silty coversands (Older Coversands II / 
Younger Coversands I) above the BGB in the Waasland plateau is an important and unique 
observation. Previously, evidence for thermal contraction cracking at this stratigraphic 
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level came only from the presence of small frost cracks (Heyse, 1983; Kasse, 2002). 
Unfortunately, the uncertainties on the individual ages prevent a correlation with a single 
stadial period; our ages are consistent with thermal contraction cracking either at the very 
end of the Late Pleniglacial or during the Younger Dryas period within the Lateglacial. 
 
 
 
Figure 1.9. Optical ages from the different sites plotted for every site against the Oxygen Isotope 
Stratigraphy (OIS) of the GRIP ice core (modified after Nesje and Dahl 2000). The dashed lines 
represent the OIS-boundaries according to Guiter et al. (2003). The dotted line indicates the start of 
the Lateglacial (at ~14.7 ka). 
 
At Ruddervoorde, the OSL ages of the wedge infills vary between 21.0±1.2 and 15.4±1.0 
ka, suggesting wedge growth during OIS 2 (Table 1.3; Fig. 1.2B). Based on the 
palaeogeomorphological position and the lithostratigraphy of the Ruddervoorde site, 
Ghysels and Heyse (2006) inferred a Late Pleistocene age for three sampled wedges 
(RUD1, RUD2, RUD2bis) from the same polygonal network. They suggested that the 
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wedges post-dated fluvial terraces formed during OIS 12 but that it was more likely that 
they were formed during the Pleni-Weichselian (OIS 4-2). From our OSL ages, it appears 
that the wedges from Ruddervoorde are Late Pleniglacial structures (OIS 2), a significantly 
more accurate and precise age determination than before. Ghysels and Heyse (2006) also 
proposed a minimum growth period of ~500 years based on the approximate number of 
sand veins in the wedges from Ruddervoorde and assuming that the wedges cracked once 
per year. At the Ruddervoorde site, the OSL ages for the wedges taken in the same network 
vary between 15.4±1.0 and 21.0±1.2 ka (Table 1.3) which suggests that wedge formation 
lasted considerably longer – at least a few thousand years. This could also mean that the 
wedges did not crack annually and that the cracking frequency varied through time. 
Homogeneously looking wedges are in fact complex structures and do not necessarily 
represent isochronous features formed during a single time interval.  
 
At Aalter, the relict sand wedge AAL4 with an age of 14.8±0.9 ka clearly postdates the 
composite-wedge pseudomorph AAL3 (21.8±1.2 ka), in agreement with the field 
observation that the relict sand wedge penetrates the pseudomorph. This suggests wedge 
growth in discrete stages: around ~20 ka, followed by wedge degradation and renewed 
cracking at ~15 ka. 
 
Although the number of OSL ages at Ruddervoorde and Aalter are limited we suggest that 
wedge growth on the Central West Flanders plateau may have varied through time and 
probably peaked at ~ 20 and ~15 ka (Fig. 1.9). In between those periods wedge activity 
probably ceased and wedges degraded. However, additional growth phases cannot be 
excluded. This question could be answered by dating more wedges and possibly by taking 
samples at regular intervals from the centre to the sides of the apparently homogeneous 
wedge. In these cases where wedges are clearly made up of separate bundles, an attempt 
could be made to date the component layers. It is important to note that the uncertainties 
(1σ) on the optical ages are of the order of ~1 ka for the Late Pleniglacial wedges and so a 
detailed correlation with the GRIP ice core record cannot be made. 
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1.8 Summary and conclusions 
 
In this work we have applied, for the first time in Flanders, quartz optically stimulated 
luminescence dating to the primary infill of fourteen frost wedges (relict sand wedges and 
composite-wedge pseudomorphs) from five different sites. The luminescence 
characteristics are satisfactory: equivalent dose values are independent of preheat 
temperature between 160 and 260°C, recycling ratios are close to unity, recuperation is low 
(< 2.5% natural) and measured to given dose ratios in the dose recovery test are close to 
unity (0.980±0.005, n=139). Single grain dose distributions of two natural samples are 
broad (RSDs 22% and 29%) but fairly symmetric indicating that the infill of the frost 
wedges is well-bleached during deposition and does not contain intrusive grains of 
different age.  
 
The optical ages suggest that during the Late Pleniglacial (OIS 2) important thermal 
contraction cracking and infilling with aeolian material took place, most likely in discrete 
phases. Furthermore, OSL dates from additional wedge levels at one site (Sint-Niklaas) 
yield evidence for frost-wedge formation during the Middle Pleniglacial (OIS 3) and the 
Late Saalian (OIS 6). This illustrates the often complex stratigraphy of periglacial 
sediments in the Belgium lowland, and highlights the risks of misinterpretation of past 
periglacial processes in the absence of an absolute chronology. We conclude that quartz 
optically stimulated luminescence dating of the infill of these relict sand wedges and 
composite-wedge pseudomorphs has provided valuable new information to aid the 
reconstruction of periglacial environments in Flanders (Belgium). 
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2.1.1 Outline and importance of Chinese loess research 
 
Most of the research in this thesis deals with the application of luminescence dating to 
establishing absolute chronologies for Chinese loess. To provide a context for this work, 
this introduction summarises briefly the driving mechanisms behind loess accumulation 
and pedogenesis, the origin of the sediment, the terminology used to describe stratigraphic 
units, the proxy records used, and the different approaches to establishing a loess 
chronology.  
 
In China, loessic sediment covers about 440 000 km2; in particular, the thick deposits 
around the middle reaches of the Huang He (Yellow River) form the famous Chinese 
Loess Plateau (CLP; 275 000 km2, Liu, 1985) (Fig. 2.1). Besides the important 
palaeoclimatic information stored in the loess-palaeosol successions, the loess-covered 
area has also played an important role in the cultural development of ancient societies in 
China. This is a direct consequence of the fertile and readily-cultivated soils which develop 
on loess and which are very suitable for agricultural activities. 
 
A good understanding of the timing and variability of past climate changes recorded in 
loess sequences, is crucial for making any reliable predictions about the future impacts of 
such changes on the environment (e.g. desertification, precipitation), and thus indirectly on 
the lives of millions of people living in this area.  
 
2.1.2 The East Asian Monsoon system - dust provenance and distribution 
 
In China, aeolian deposition of loess sensu lato, the Red Clay and the overlying loess 
palaeosol sequences, commenced about 22 million years ago (Guo et al., 2002). The 
formation of these windblown fine-grained sediments is apparently largely controlled by 
the East Asian Monsoon system which, in turn, results from differential heating of the 
Asian landmass and the Pacific Ocean. During summer, warm humid air flows from the 
ocean towards the continent whereas during winter time a cold, dry northerly wind comes 
from the middle-high latitudes (Siberia-Mongolia) and penetrates into China (An et al., 
1990; An, 2000). In general, the winter monsoon seems to have strenghtened during the 
cold periods (glacials, stadials) of the Pleistocene and the summer monsoon was 
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proportionally weakened; the opposite occurred during warmer periods (interglacials, 
interstadials).  
 
 
 
Figure 2.1. Maps of China and the Chinese Loess Plateau. Sites Tuxiangdao (TXD), Le Du (LD) and 
Zhongjiacai (ZJC) are discussed in Chapter 3 and sites Dongchuan (DCH) and Luochuan (LCH) in Chapter 6. 
 
During periods with a strenghtened winter monsoon the north-northwestern dust influx was 
high, vegetation was sparse and sedimentation of true loess layers took place. In contrast, 
during periods with an enhanced summer monsoon, the dust influx was reduced and soils 
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were able to develop (Liu, 1985). A typical loess section consists of an alternation of pale 
yellow loess layers and more reddish soil horizons (Fig. 2.2); in total more than thirty 
palaeosols have been identified (e.g. Liu, 1985; Kukla and An, 1989).  
 
 
Figure 2.2. Photograph taken at the Luochuan site. The alternation of the loess layers and darker palaeosols 
is clearly visible. The most pronounced dark soil is the S5 palaeosol (~MIS 13/15). 
 
The dominant source areas are the 'gobis' in southern Mongolia and adjoining gobi and 
sand deserts of northern China (Badain Jaran Desert, Tengger Desert, Ulan Buh Desert, 
Hobq Desert and Mu Us desert) which lie to the north of the CLP (Fig. 2.1). However, 
these deserts seem to play the role of intermediate sediment-storage areas rather than true 
sources. It is now thought to be more likely that uplift and denudation processes in the 
Gobi Altay Mountains and Hangayn Mountains to the north of the deserts and the Qilian 
Mountains to the west of the loess plateau are responsible for the original weathering and 
production of fine-grained material (Sun, 2002). However, this argument is not conclusive 
and there is still considerable debate on the true source areas of the loess (e.g. Honda et al. 
2004). 
  
The north-northwestern position of the source areas has an effect on the loess distribution 
pattern of the CLP. Loess thicknesses vary considerably, usually from several tens of 
meters in the southern and central part up to more than three hundred meters close to 
Lanzhou (Fig. 2.2). In addition, a general NW-SE gradient from coarse to fine loess exists 
across the CLP; coarse sandy loess occurs in the northwest, gradually changing into more 
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silty loess and ultimately into fine, clayey loess in a southwesterly direction. As might thus 
be expected, the sedimentation rates are also higher in the northwest of the CLP and as a 
result a higher time resolution is available in the northwestern loess sequences. As a 
consequence, recent studies have paid increasingly more attention to the western part of the 
CLP (e.g. Roberts et al., 2001; Lu et al., 2004; Wu et al., 2005; Feng et al., 2006; Lai and 
Wintle, 2006).  
 
The geomorphological setting has also an effect on the thickness and preservation potential 
of the loess deposits. In general, in large and geomorphologically stable sedimentary basins 
a quasi-continous record and a thick dust accumulation are more likely. The resulting 
landform is a flat, broad, high tableland called 'yuan'. Numerous proxy record studies and 
chronological investigations have been carried out in such a 'yuan' setting. A well-known 
example is the famous Luochuan 'yuan' in the central part of the CLP (e.g. Liu, 1985; 
Kukla and An, 1989; An et al., 1990; Porter and An, 1995; Derbyshire et al., 1997; 
Vandenberghe et al., 1997; Chen et al., 2000; Bronger, 2003; Lu et al., 2007; Yin et al., 
2007) (Figs. 2.1, 2.2). In contrast, sites on hillslopes and loess terraces are more prone to 
erosion and mass movement processes and thus have a higher risk of presenting hiatuses 
and/or repetitions in their sedimentary record. 
 
2.1.3 Litho- and pedostratigraphy 
 
Complete Chinese loess sections are underlain by the so called Red Clay, a presumably 
aeolian reddish silt-clay sediment of Late Tertiary age (Lu et al., 2001; Guo et al., 2001). 
The boundary between the Red Clay and the loess-palaeosol successions has been 
palaeomagnetically dated at 2.4-2.5 Ma (Heller and Liu, 1982; Kukla and An, 1989; Rutter 
et al., 1990). Originally, the loess-palaeosol sequences were subdivided into three major 
stratigraphic formations, from bottom to top: Wucheng Loess, Lishi Loess and Malan 
Loess formations (Liu, 1985). The Wucheng Loess (Early Pleistocene) and Lishi Loess 
(Middle Pleistocene) formations are made up of several loess-palaeosol units. The Malan 
Loess is traditionally assigned a Late Pleistocene age and is covered by the Black Loam 
formation of Holocene age (Fig. 2.3). 
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Figure 2.3. Alternation of loess and palaeosol layers at the Baoji section spanning the entire Quaternary 
against the palaeomagnetic time scale and compared with the marine oxygen-isotope (δ18O) signature for the 
last ~1.8 Ma (modified from Porter, 2001). 
 
It is now more usual to use a stratigraphic nomenclature in which the loess and soil units 
are assigned the letters 'L' and 'S' respectively, followed by a number; successively higher 
numbers are given to older units (Kukla and An, 1989; Fig. 2.3). The Holocene soil is 
labeled 'S0', the last glacial Malan Loess 'L1', the last interglacial soil complex 'S1', loess 
from the penultimate glacial period 'L2', and so on. These major loess and soil units can be 
subdivided further into smaller loess and soil units (Fig. 2.4). The degree of development 
of these second order loess-soil units generally depends on the location of the site in the 
CLP. For example, in the northwest of the CLP, the S1 palaeosol is usually made up of 
three distinct soil profiles (S1SS1, S1SS2, S1SS3) interbedded with two loess layers 
(S1LL1 and S1LL2). This pedocomplex gradually converges into a single welded profile in 
the southeast because of the lower sedimentation rate and the mixing resulting from the 
Black Loam / 
Malan Loess 
Lishi 
Loess 
Wucheng 
Loess 
Red 
Clay 
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intensified pedogenic development in the southeast during the last interglacial (Feng et al., 
2004).  
 
Figure 2.4. Schematic representation of the subdivision of the last interglacial-glacial loess deposits (S1, L1) 
into smaller units following the nomenclature of Kukla and An (1989) (adopted from Porter, 2001). The units 
S1SS1, S1SS2 and S1SS3 are assumed to correlate with the marine oxygen-isotope substages MIS 5 a,c and 
e respectively. 
 
As with many studies of Chinese loess, this work deals principally with samples from the 
S1 and L1 units, i.e. the last glacial period and the preceding interglacial (e.g. Sun et al., 
2000; Kohfeld and Harrison, 2003).  
 
2.1.4 Proxy records in Chinese loess 
 
Chinese loess-palaeosol sequences are widely seen as the most important terrestrial archive 
of climate changes covering the entire Quaternary. The climate signals recorded in these 
sediment sequences have been used to infer intensity changes of the prevailing East Asian 
Monsoon system. Based on these records many researchers have investigated the dynamic 
relationship between the regional monsoon and the global climate systems (e.g. Ding et al., 
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1995; Vandenberghe et al., 2006). Variations of the summer and winter monsoon 
intensities are reflected in several proxies in the Chinese loess record. 
 
In essence, changes in the summer monsoon intensity will affect the annual rainfall and 
temperature. Because weathering is largely controlled by rainfall and temperature, proxy 
records based on post-depositional alteration will primarily record these changes (e.g. soil 
development). Some examples of summer monsoon proxies are magnetic susceptibility 
(Heller and Liu, 1984; 1986), pedogenic micromorphology (Bronger and Heinkele, 1989; 
Kemp et al., 2001), chemical weathering indexes (Chen et al., 1999; Liu et al., 2001), 
carbon and oxygen isotopic ratios of carbonate concretions (Han et al., 1997), pollen (Sun 
et al., 1997), and snail assemblages (Rousseau et al., 2000). 
 
Of all summer monsoon proxies, magnetic susceptibility is the most widely used. The bulk 
magnetic susceptibility is significantly (2 to 5 times) higher in soils than in the 
unweathered loess layers. This increase in bulk magnetic susceptibility in palaeosols is 
generally thought to be the result of the formation of ultrafine magnetic minerals such as 
maghemite and magnetite by pedogenic processes (Zhou et al., 1990; Maher and 
Thompson, 1995). 
 
Changes in intensity in the winter monsoon are reflected in proxy records related to the 
transport process. During relatively cold periods, the dust-bearing winter monsoon winds 
will be stronger and the deposited loess will be coarser and thicker. Thus the grain size 
distribution of the loess-palaeosol sequences can be used as a proxy for winter monsoon 
changes; several parameters have been put forward such as the median grain size (An et al., 
1991a), the median diameter of the quartz grains (Xiao et al., 1995), and the U ratio (mass 
ratio of 44-16 µm to 16-5 µm grains; Vandenberghe et al., 1997). 
 
More recently, considerable effort has been put into the detection of rapid climate change 
signals in the Chinese loess record. Several studies suggest that there are suborbital 
millenial scale variations recognizable in loess proxies which can be linked to dramatic 
short term climatic changes such as the Heinrich events and Dansgaard-Oeschger cycles 
(Bond et al., 1992, 1993; Dansgaard et al., 1993) recognized in the North Atlantic region 
(e.g. Porter and An, 1995; Xiao et al., 1995; Chen et al., 1997; Fang et al., 1999; Lu et al., 
2000; Vandenberghe and Nugteren, 2001; Zhang et al., 2002). Such high-resolution 
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correlations of course require that an accurate and precise time frame is available for the 
sections of interest.  
 
2.1.5 Chronostratigraphy 
 
In general, there are two approaches to establishing a chronostratigraphy for Chinese loess 
sites: correlation of proxy records and application of independent dating techniques. The 
assumptions on which these two approaches are based, and some important advantages 
and/or disadvantages are briefly discussed below.  
 
2.1.5.1 'Dating' by proxy 
 
The use of proxy records to establish a chronology for a loess site relies on the assumption 
that stratigraphic boundaries or significant changes in the proxy record can be correlated 
with marine oxygen-isotope stage (MIS) boundaries from the deep-sea record (e.g. 
Martinson et al., 1987).  
 
Age models for a site are often based on its pedostratigraphy. It is assumed that the 
Holocene soil (S0) correlates with MIS 1 (0-12 ka), the underlying loess (L1) with MIS 2 
(12-24 ka), MIS 3 (24-59 ka) and MIS 4 (59-74 ka) and the last interglacial soil (S1) with 
MIS 5 (74-130 ka). Where it can be observed, any weakly developed interstadial soil 
horizon in L1 is assumed to correlate with MIS 3. Soil boundaries are thus thought to 
correspond to the MIS boundaries. However, this is an assumption. There is little evidence 
that soil forming processes began and ended synchronously across the whole CLP, and that 
their time limits coincide with the time-boundaries between interglacial and interstadial 
periods (as deduced from the global marine oxygen-isotope record) (Sun et al., 2000). It is 
also impossible to quantify the duration of soil forming processes from pedological and 
morphological characteristics alone. Finally, the use of pedostratigraphic observations to 
construct an age model for a loess site requires an assessment of how much of the soil 
consists of altered parent material (pedogenic overprinting) and how much is the result of 
dust accumulation during interglacial/interstadial periods; this is known to be extremely 
difficult, if not impossible (Sun et al., 2000). There are thus a number of uncertainties 
Chapter 2 
66 
associated with the use of the established pedostratigraphy of the CLP in the construction 
of an age model. 
 
The bulk magnetic susceptibility has also been used to establish a chronology for Chinese 
loess sites (Kukla et al., 1988). It was found that the pattern of the bulk magnetic 
susceptibility closely resembles that of the marine oxygen-isotope (δ18O) variations, for 
which a chronology has been established by orbital tuning and a number of independent 
ages. By interpolating between certain tie-points of both curves an age model for the loess 
sequence has been established for several sites across the CLP (see summary by Sun et al., 
2000) (Fig. 2.5). However, to be useful as a 'dating tool', there should not be any 
significant time lag between the acquisition of magnetic susceptibility and pedogenesis. In 
turn, the pedogenetic processes also need to be in phase with the interglacial/interstadial 
periods. The validity of these assumptions has not yet been confirmed. Moreover, a 
detailed screening of published data for twenty sites in China indicates that the magnetic 
susceptibility record and the marine oxygen-isotope signal are only weakly correlated (Sun 
et al., 2000; Kohfeld and Harrison, 2003). These studies further suggest that one should be 
very cautious when using magnetic susceptibility to construct an age model for a specific 
site.  
 
In many studies use is made of grain size variations to 'date' Chinese loess. Again this is 
based on the similarity between a certain grain size parameter and the marine oxygen-
isotope signal (e.g. Porter and An, 1995; Vandenberghe et al., 1997; Chen et al., 1997). 
Here, we briefly explain the derivation of such a grain size time scale as suggested by 
Vandenberghe et al. (1997) and later applied in many other Chinese loess sites (e.g. Lu et 
al., 1999, 2000; Nugteren et al., 2004). 
 
The underlying assumption is that loess deposition was continuous at the site of interest. 
The relationship between a particular grain size parameter (typically the U-ratio) and the 
sedimentation rate is established at a chosen reference section (e.g. Luochuan). Both 
parameters are affected by the winter monsoon intensity amongst other influences such as 
dust availability, and it is assumed that the relationship between the two parameters has 
remained unchanged with time.  
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Figure 2.5. Age model for the Luochuan site based on ’wiggle matching’ the magnetic susceptibility (MS) 
curve with the marine oxygen-isotope curve. Several tie points (arrows) are chosen to maximise the 
correlation between both datasets. Linear interpolation between tie points was then used to obtain the age for 
each MS value (adopted from Sun et al., 2000). 
 
To quantify this relationship the grain size parameter (U-ratio) curve is correlated with the 
absolutely dated orbitally tuned marine oxygen-isotope (δ18O) curve of Martinson et al. 
(1987) for the upper part (last 250 ka) of the reference section (Fig. 2.6a). An obvious 
similarity can be seen between both curves. In the next step, the sedimentation rate for 
individual reference layers is calculated by dividing the layer thickness by the duration of 
its deposition. By plotting a grain size parameter against the sedimentation rate a 
regression line can be derived.(Fig. 2.6b). Once this relationship is established, it can be 
extrapolated to the whole section, and thus the sedimentation rate (and so the age) can be 
calculated from the the grain size parameter relevant to the layer of interest.  
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Figure 2.6. Age model of Vandenberghe et al. (1997) based on grain size variation (adopted from Nugteren 
et al., 2004) 
 
Direct tuning of certain proxy records to the variations of the Earth's orbital parameters has 
also been attempted (e.g. Ding et al., 1994, 2002; Heslop et al., 2000; Sun et al., 2006). As 
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with the methods described above, it is assumed that the proxy record variations are 
linearly related to orbital forcing. 
 
In general, all of the proxy-related dating methods rely on three major assumptions: (1) 
loess accumulation has been essentially uninterrupted, (2) no significant alteration of the 
proxy signal occurred after deposition and (3) no time lead or lag between proxy and 
'target curve'. Several recent studies, in which the chronology is based on luminescence 
dating, have now shown that in many cases these assumptions may not be valid (Singhvi et 
al., 2001; Lai and Wintle, 2006; Stevens et al., 2006, 2007). A number of authors have 
recommended the use of independent dating methods to establish a chronology for loess 
sites (Derbyshire et al, 1997; Singhvi et al., 2001; Kohfeld and Harrison, 2003; Stevens et 
al., 2007). In the next section, the independent dating techniques usually applied to 
Chinese loess are summarised and their usefulness is discussed in the light of the 
reconstruction of the depositional and climatic history of the loess record in China. 
 
2.1.5.2 Independent dating 
 
Polarity changes of the geomagnetic dipole field have been recorded in the loess sequences 
of China and can be used to date these deposits back into the Tertiary (Fig. 2.3). However, 
the direct use of palaeomagnetism in the last few glacial cycles is difficult because the last 
major polarity shift was the Brunhes-Matuyama boundary at ~780 ka; this is well before 
the age range of most Chinese loess studies. Some authors have reported the detection of a 
more recent short-lived polarity change in Chinese loess, the so called Blake event (~120 
ka) (see Fang et al. (1997) and references therein). However, it remains questionable 
whether such short fluctuations of the dipole field were actually recorded in loess (Zhou 
and Shackleton, 1999). Palaeomagnetic dating can thus not be used directly to date 
climatic changes recorded in Chinese loess on the timescale of the last 7-8 glacial-
interglacial cycles. 
 
For studying the climatic changes recorded in loess deposited at the end of the last glacial 
period and in the Holocene, the radiocarbon dating method can be useful (e.g. Zhou et al., 
1996, 2001; Porter and Zhou, 2006). Direct dating of organic matter in buried soils helps to 
define periods of pedogenic activity and to bracket periods of enhanced aeolian deposition. 
Examples of the application of radiocarbon dating to palaeosols from Holocene sections in 
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the desert-loess margin of northern China are shown in Fig. 2.7. However, the method is 
not always applicable because suitable organic material is rather scarce in loess. Hence, its 
application is limited when it comes to detecting changes in sedimentation rates and the 
usual problems of contamination with younger or older carbon during post-depositional 
processes (e.g. root penetration, dissolution and precipitation of carbonates lower in the 
profile) can occur. Finally, it must be noted that 14C ages require calibration to calendar 
years and the method is restricted to the last 40 ka (0-26 ka, INTCAL04, Reimer et al., 
2004; 26-50 ka, NOTCAL04, van der Plicht et al., 2004); this is only a very small fraction 
of the entire Chinese loess record and only about one third of the last interglacial-glacial 
cycle (last ~130 ka). 
 
Figure 2.7. Application of radiocarbon dating to palaeosols from Holocene sections from the  desert – loess 
boundary area. Sections Teigaxiang, Gonghe and Dongxian are located to the west of the Chinese Loess 
Plateau. The dates are uncalibrated “radiocarbon years” and errors represent 1 sigma (modified from Porter 
and Zhou, 2006). 
 
Luminescence techniques provide an independent dating method which has very few 
constraints on the type of material to be dated, needs no calibration and can, depending on 
the circumstances, date sediments from as young as a few years up to several hundred 
thousands of years. Loess is very suitable for luminescence dating because the (long 
distance) aeolian transport of the dust particles ensures a complete zeroing of the latent 
luminescence signal at the time of deposition. Loess is a very homogeneous material but 
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with a relatively high radionuclide concentration (compared to more sandy sediments). The 
annual dose rate in loess is thus quite high (~3-4 Gy/ka) compared to typical quartz-rich 
sands (~1 Gy/ka). As a consequence the upper dating limit of the method is lower in loess 
than in sands. 
 
In the past, mainly multiple aliquot thermoluminescence (TL) and infrared stimulated 
luminescence (IRSL) dating has been carried out on Chinese loess; these procedures are 
known to be limited both in precision and accuracy (e.g. Kohfeld and Harrison, 2003). 
Samples were also taken from vertical profiles over relatively large intervals. In this way 
only a low-resolution time frame could be established for the investigated sections. With 
the introduction of the single aliquot dating techniques which intrinsically yield much more 
precise ages, dating with a much higher resolution became possible. Some recent studies 
have shown the great potential of high-resolution luminescence dating to a number of Late 
Pleistocene (upper part of L1) and Holocene (S0) loess sites in China (Roberts et al., 2001; 
Lai and Wintle, 2006; Stevens et al., 2006). A high-resolution dating approach using OSL 
is illustrated here with an example from Stevens et al. (2006). They employed the OSL 
signals from coarse silt-sized quartz grains and used the SAR procedure (Murray and 
Wintle, 2000) to determine the equivalent dose (De) value. Figure 2.8 shows the age-depth 
patterns found in two sections at Beiguoyuan. The two sections lie several km apart; one 
section contains a more complete Holocene record and the other section contains a longer 
record of loess sedimentation. Based on the dating results, following observations can be 
made: (1) sedimentation rates have varied rapidly in both sections, (2) a hiatus is present in 
both sections between 10 and 14 ka, (3) young dates between 95-115 cm point at 
agricultural disturbance in the Holocene section and (4) the visually identified S0/L1 
boundary at the main section is dated to 19 ka. This date is too old for the beginning of soil 
formation after the LGM, and suggests pedogenic overprinting of the top of the L1 loess. 
None of these observations would have been possible without the use of closely spaced 
luminescence dates. 
 
In general, high-resolution optical dating studies are now providing increasinlgy more 
evidence that dust deposition has an episodic character and that hiatuses in the loess record 
are common. Given the additional problem of pedogenic overprinting and the uncertainties 
related to the acquisition of the magnetic susceptibility signal it is clear that 
pedostratigraphic and many other proxy boundaries (with the possible exception of the 
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grain size signal) in loess cannot be assumed to be synchronous with marine oxygen-
isotope stage (MIS) boundaries. The fundamental assumption behind the use of proxy 
records in the construction of high-resolution time scales for Chinese loess may thus be 
erroneous and lead to significant error in the age models at particular sites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8. High resolution optical dating of the Beiguoyuan Holocene section (A) and Beiguoyuan main 
section (B). The horizontal line indicates the S0/L1 boundary visually identified in the field. (adopted from 
Stevens et al., 2006) 
 
 
An extensive and critical review of age models and dating methods used to establish 
chronologies for Chinese loess sites can be found in Stevens et al. (2007). These authors 
state that it is essential that future studies of the Chinese loess record make use of 
independent dating techniques, especially luminescence dating, to construct chronologies 
for the sections being studied. Only in this way can the proxy records be put in the correct 
time frame and the underlying climate forcing mechanisms behind the complex East Asian 
monsoon system studied with confidence. 
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2.1.6 Summary and scope of the next section 
 
It is generally assumed that sediments on the Chinese Loess Plateau provide continuous 
and detailed records of changes in the East Asian Monsoon during the whole Quaternary 
period. A wide variety of proxy records can be used to infer summer and winter monsoon 
changes and the similarity between some of these and the marine-oxygen isotope (δ18O) 
records has prompted many researchers to use such proxies as dating tools. However, there 
is increasing evidence that the assumptions underpinning such approaches are not 
generally valid. Indeed, the climate records may be incomplete and/or have been 
significantly altered by erosional, diagenetic and pedogenic processes, and in some cases 
even by agricultural activities.  
 
At present, the only technique that is able to detect disturbances in the loess record and to 
place the sediment sequences in an absolute time frame without the need for assumptions 
concerning proxy records is luminescence dating. Over the past few years, several 
successful studies have been reported but the full potential of the application of 
luminescence dating techniques on Chinese loess, especially in high-resolution studies, has 
not yet been reached. In the following section (2.2), Chinese loess sections are investigated 
based on one of the latest luminescence dating techniques to establish high-resolution 
chronologies for three sites in the western part of the Chinese Loess Plateau. This is one of 
the first studies using the OSL signals from sand-sized quartz grains extracted from 
Chinese loess. A number of laboratory tests are carried out to confirm the suitability of the 
methods adopted, and the resulting age-depth pattern of the most complete site is compared 
with the available proxies. In this way it was hoped that a contribution to the development 
of improved absolute chronologies for Chinese loess can be made. 
 
Our work on Chinese loess was carried out in collaboration with Drs. Mirjam Vriend and 
Prof. Dr. Jef Vandenberghe from the Vrije Universiteit Amsterdam (Department of 
Quaternary Geology and Geomorphology) who studied the same sections for grain-size 
analyses. Prof. Vandenberghe and his co-workers have been studying the CLP for many 
years (e.g. Vandenberghe et al., 1997; Lu et al., 2000; Nugteren and Vandenberghe, 2004; 
Vriend and Prins, 2005, Prins et al., 2007). In this way our chronological research on the 
CLP forms part of a multidisciplinary study to unravel the climatic changes recorded in the 
Chinese loess-palaeosol sequences. 
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Abstract 
 
The Chinese Loess Plateau is of major interest to Quaternary geologists because it 
represents an important terrestrial archive of palaeoclimatic fluctuations. Previous 
multiple-aliquot luminescence dating studies of Chinese loess mainly used 
thermoluminescence (TL) and infrared stimulated luminescence (IRSL) signals of 
polymineral fine-grains; these are known to be subject to anomalous fading and thus will 
tend to yield age underestimations. In this paper we investigate whether the blue-light 
stimulated luminescence signals from 63-90 µm quartz grains extracted from three western 
Chinese loess sites (Zhongjiacai, Le Du and Tuxiangdao) can be used to establish a reliable 
chronology. The single-aliquot regenerative-dose (SAR) procedure is used for the 
equivalent dose (De) determinations and the suitability of our measurement protocol is 
confirmed by dose recovery tests. The influence of an infrared stimulated luminescence 
(IRSL) signal on the quartz De measurements derived from blue-light stimulated 
luminescence (BLSL) has been investigated. From these results we conclude that an IRSL 
contamination, expressed as an IRSL/BLSL ratio, of up to 10% can be accepted before the 
values of De are significantly affected. All three sites yield stratigraphically consistent and 
spatially highly reproducible optical ages up to about 50–70 ka. At the Tuxiangdao site a 
marked hiatus in the record is identified between ~20 and ~30 ka; this remained undetected 
in previous studies and clearly highlights the importance of high-resolution optical dating 
in Chinese loess research. The optical ages presented in this work provide more evidence 
for episodic loess deposition and varying loess accumulation rates in the western part of 
the Chinese Loess Plateau. Our study seems to confirm the potential of optically stimulated 
luminescence (OSL) dating using the single-aliquot regenerative-dose (SAR) procedure 
applied to the very fine sandy quartz fraction in Chinese loess back to ~40-50 ka (~120-
150 Gy). 
 
Keywords: western Chinese loess, 63-90 µm quartz, optical dating, high resolution, hiatus 
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2.2.1 Introduction 
 
Loess deposits make up an extensive (~275 000 km²) plateau in the north-central part of 
China and loess-palaeosol successions provide a quasi-continuous terrestrial record with 
which palaeoclimatic changes throughout the Quaternary (the last 2.4 Ma) can be studied 
(e.g. Liu, 1985; Liu and Ding, 1998). In general, these sequences are thought to be the 
result of alternating glacial and interglacial periods, with an increased dust deposition 
resulting in loess layers during cold periods and a reduced dust deposition and increased 
pedogenesis during warmer periods (e.g. Kukla, 1987; Kukla and An, 1989). The loess 
deposits and intercalated palaeosols reflect periods with a dominance of the winter and 
summer monsoon, respectively (e.g. An et al., 1990; An, 2000). These successions can 
reach a thickness of >200 m in the western part of the Chinese Loess Plateau (CLP) due to 
the high sedimentation rate (presumably resulting from proximity to the source area). Thus, 
loess sites in the western part of the CLP are ideal for high-resolution proxy-record studies 
such as grain-size variations.  
 
According to the standard stratigraphic nomenclature of Chinese loess sequences the last 
interglacial soil (MIS 5) is referred to as ‘S1’ and the last glacial loess is called ‘L1’ 
(Kukla, 1987; Kukla and An, 1989).  The S1 pedocomplex in the northwestern part of the 
CLP is generally several meters thick (e.g. ~8 m at Lanzhou (Feng et al., 2004) and 
Tuxiangdao (Chen et al., 2003)) and usually consists of three incipient soils (S1SS1, 
S1SS2, S1SS3) that are often correlated with MIS 5a, 5c and 5e, respectively. These are 
interbedded with two loess layers (S1LL1 and S1LL2) correlated to MIS 5b and 5d. In the 
northwestern part of the CLP the degree of pedogenesis was sufficiently low and the rate 
of dust influx large enough during the last interglacial period to preserve these loess-soil 
sequences. A chronology of Chinese loess-palaeosol sequences is often based on 
pedostratigraphic evidence and on ‘wiggle-matching’ of magnetic susceptibility and/or 
grain-size variation data to the marine oxygen-isotope stratigraphy (marine isotope stages, 
MIS) of Martinson et al. (1987) (e.g. Kukla et al., 1988; Porter and An, 1995). A reliable 
absolute dating method would undoubtedly make a more accurate (and precise) correlation 
possible. Radiocarbon dating is usually inapplicable due to the scarcity of suitable organic 
material in loess, even in the palaeosols. Moreover, the method itself is limited to about the 
last 40 ka. Luminescence dating should provide a valuable tool for dating loess deposits. 
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However, in the study by Kohfeld and Harrison (2003) in which mass accumulation rates 
(MARs) were examined for the last glacial-interglacial cycle (MIS 1-5), it was suggested 
that large uncertainties in the chronologies of individual sites still remain; these sites 
include those dated using luminescence.  
 
Chinese loess has been subject to several studies of the behaviour and stability of 
thermoluminescence (TL) and infrared stimulated luminescence (IRSL) signals (e.g. Xie 
and Aitken, 1991; Li and Wintle, 1992; Zhou and Wintle, 1994). Until recently, multiple-
aliquot TL and IRSL techniques on polymineral fine-grained samples have been the most 
commonly employed approaches (e.g. Lu et al., 1988; Forman, 1991; Musson et al., 1994; 
Frechen, 1999). A disadvantage of the use of IRSL signals from polymineral fine-grains is 
that these signals are believed to come almost entirely from feldspar; a mineral which is 
known to suffer from anomalous fading (Spooner, 1994). This will cause age 
underestimation unless corrected for. It is now also well-known that multiple-aliquot 
procedures are inherently limited in terms of precision and accuracy, especially in the older 
age range (e.g. Wintle, 1990; Zhou et al., 1995). 
 
The development of single-aliquot protocols in the 1990s gave a new impulse to the optical 
dating method, particularly with regard to speed of analysis and precision. In general, the 
single-aliquot regenerative-dose (SAR) procedure (Murray and Wintle, 2000), applied to 
the optically stimulated luminescence (OSL) signals from quartz seems to yield both 
precise and accurate ages for different types of sediments (Murray and Olley, 2002); as a 
result, this approach has become the preferred measurement method for the equivalent 
dose (De) in many luminescence dating studies. Murray and Olley (2002) report a good 
agreement between SAR-OSL quartz ages and independent age controls (e.g. 14C, fission 
track dating) back to at least ~50 ka. Relatively few studies exist with good age control 
beyond ~100 ka; there may be some evidence of a small systematic underestimation at 
about ~130 ka but this is not yet confirmed (Murray and Funder, 2003; Watanuki et al., 
2005; Murray et al., 2007). However, it is important to realise that any age limits are a 
function of both dose and dose rate. The dose rate in Chinese loess tends to be relatively 
high and so any age limit based on work on sandy, low dose rate, materials will be 
correspondingly lower in loess.  
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Laboratory procedures used for luminescence dating of loess in the period 1980 to 2000 
were reviewed by Singhvi et al. (2001) and a summary of most Chinese loess studies 
employing TL (1980 to 2006) and OSL (1990 to 2006) dating can be found in Tables 1 and 
2 of  Stevens et al. (2007). Below we give an overview of most of the recent single-aliquot 
(and one multiple-aliquot) quartz based dating studies carried out on Chinese loess. 
 
Zhou and Shackleton (2001) were the first to illustrate the potential of a sensitivity 
correction for fine-grained quartz using OSL signals from a test dose; however no optical 
ages were presented in this work. The first true dating application of a SAR procedure to 
Chinese loess was in the form of the ‘double-SAR’ protocol of Banerjee et al. (2001), in 
which an infrared IR-stimulation is used prior to the optical (blue-light) stimulation of 
quartz (OSL). This infrared bleach was inserted in order to both measure and deplete the 
feldspar signal prior to the OSL measurement. Roberts and Wintle (2001) applied this 
‘double-SAR’ procedure to polymineral fine-grains of a Holocene sequence near Xining in 
the Qinghai province (Duowa site). They found that the De values from the IR 
measurements were always greater than those derived from the (post-IR) OSL signals. The 
cause for the discrepancy was not resolved but the authors suggested that the (post-IR) 
OSL signal, dominated by quartz, yields the most reliable results. Stokes et al. (2003) also 
adopted a ‘double-SAR’ approach to date a Holocene loess sequence on a river terrace at 
Zhangye (Hexi Corridor, NE Tibetan Plateau) but they did not observe the offset between 
IR and (post-IR) OSL equivalent doses, no matter how large the feldspar contribution was. 
It must be noted that in the work of Stokes et al. (2003) a considerable proportion of 
feldspars was removed from the polymineral fine-grains through an HF digestion step. 
Nevertheless, the reason for the contrast with the study of Roberts and Wintle (2001) 
remains unclear. However both studies support the conclusion of Banerjee et al. (2001) 
that the (post-IR) OSL signal is the most stable signal, and is preferred for dating.  
 
Watanuki et al. (2003) compared the ‘double-SAR’ procedure applied to polymineral fine-
grains with SAR-OSL results from fine-grained quartz from an eastern (Zhenjiang) and 
western (Urumqi) site in China. They did not have independent age control but found an 
underestimation of the IR and (post-IR) OSL equivalent dose determinations of 
polymineral fine-grains compared to the SAR-OSL equivalent doses from fine-grained 
quartz; the IRSL signal yielded the smallest dose estimates. Thus, SAR-OSL applied to 
quartz, appeared to be the most appropriate approach to date Chinese loess. In a similar 
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study, Wang et al. (2006) looked at the performance of the SAR protocol for fine quartz 
and polymineral grains from a suite of samples from the well-known Luochuan site. They 
argued that fine-grained quartz may provide reliable equivalent doses up to ~300 Gy and 
that quartz OSL is preferred to polymineral IRSL signals because the latter suffer from 
anomalous fading. They also demonstrated that their (post-IR) OSL signals did not 
underestimate compared to quartz OSL signals provided that a long enough IR exposure 
time was used. Also at the Luochuan site, Lu et al. (2007) applied a sensitivity-corrected 
Multiple Aliquot Regenerative (MAR)-dose protocol for fine-grained quartz and obtained a 
good agreement with independent age control back to at least ~75 ka. Lu et al. (2007) also 
presented experimental evidence for SAR De values to begin to underestimate the 
sensitivity-corrected MAR De values from about 120 Gy, with the discrepancy increasing 
to about 8% at 400 Gy. 
 
The extraction of fine-grained quartz from loess is at best a tedious operation, and in some 
cases it seems to be impractical (e.g. Roberts and Wintle, 2001); coarse silt to sand-sized 
quartz grains are easier to extract (by wet sieving) but until very recently have not been 
considered for dating Chinese loess. Sand-sized quartz grains also have the advantage that 
no alpha-contribution has to be taken into account because the outer rim of the quartz 
grains is removed during sample preparation. A single TL study using coarse (90-125 µm) 
quartz grains was described by Lu et al. (1987) and more recently Küster et al. (2006) 
applied SAR-OSL to 90-160 µm quartz grains in a study of Holocene loess covering river 
terraces along the Qilian Shan (NE Tibetan Plateau). Coarse silt-sized (~45-63 µm) quartz 
grains have also been used in recent studies by Lai and Wintle (2006) and Stevens et al. 
(2007) to establish high-resolution chronologies for a number of Holocene and Late 
Weichselian (<30 ka) sites across the Chinese Loess Plateau.  
 
Given the good performance of SAR-OSL to quartz from a wide variety of sediments 
(Murray and Olley, 2002), in combination with the advantages of using sand-sized grains, 
in this paper we apply a SAR-OSL protocol to 63-90 µm quartz grains extracted from loess 
from the western part of the CLP. In contrast to most previous single-aliquot studies in the 
CLP (focussed on Holocene or Late Weichselian sediments, e.g. Roberts and Wintle, 2001; 
Stokes et al., 2003; Küster et al., 2006; Lai and Wintle, 2006), the sediments in this work 
are thought to have been deposited during the last glacial-interglacial (MIS 1-5). We 
investigate the suitability of our SAR protocol through extensive laboratory tests such as 
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preheat plateau, cut-heat plateau and dose recovery tests. The resulting absolute 
chronology serves as a timeframe for the palaeoclimatic reconstruction of this area by 
Vandenberghe et al. (2006) and Vriend et al. (in preparation).  
 
2.2.2 Study sites and sampling 
 
Zhongjiacai (ZJC), Tuxiangdao (TXD) and Le Du (LD) are situated in the northwestern 
part of the CLP (Fig. 2.9). Sections were cut back >1 m and cleaned to ensure that the 
exposed loess surfaces were fresh and undisturbed. Based on field observations and the 
grain-size variation signature, all sites were thought to represent the last glacial-interglacial 
cycle, or at least the upper part of it.  
 
 
 
 
 
Figure 2.9. Map showing the Chinese Loess Plateau and location of the sampling sites: 
Zhongjiacai (ZJC, 2100 m, 105E/36.5N), Le Du (LD, 2300 m, 102.5E/36.5N) and Tuxiangdao 
(TXD, 2600 m, 101.73E/36.58N).  
 
A schematic outline of the three sites and the luminescence sampling strategy is shown in 
Fig. 2.10. The most eastern located ZJC site (Gansu Province, Baicaoyuan area) consists of 
a single section of ~25 m long in which, in the lower part of the section, soil formation was 
observed (The S0 Holocene soil profile was not clearly present at any of our sections due 
to land use). In the field a slight colour change was observed at ~17.75 m changing from 
typical greyish-yellow loess above to a slightly darker more reddish colour below (dashed 
line X1 in Fig. 2.10). Soil formation was clearer below ~21.70 m through the presence of a 
darker colour and a more compact texture (dashed line X2 in Fig. 2.10); the base of the soil 
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complex was not reached. On pedostratigraphic grounds, we presume this soil 
development to represent the S1 pedocomplex or at least a significant fraction of its upper 
part. We suppose that the colour changes at ~17.75 m and ~21.70 m represent the upper 
boundaries of the S1SS1 and S1SS3 palaeosols. However, it must be emphasized that only 
minor colour and textural changes were visible due to the rather weak pedogenetic 
processes taking place in the western part of the Chinese Loess Plateau. A further 
discussion concerning the S1 pedocomplex is given in section 7.1. Twenty-five samples 
were taken for OSL analysis.  
 
The most westerly TXD site (Qing Hai Province, Xining city) is located on a lower terrace 
of the Huangshui river and has been investigated previously by Chen et al. (2003) and Lu 
et al. (2004). Chen et al. (2003) focused their work on the S1 palaeosol (see their Fig. 2) 
and it appears that the TL dates in their study, from 70±6 ka above S1 to 149±12 ka below 
S1, are consistent with the age models based on proxy-record variations and the position of 
the Blake event (~120 ka). Unfortunately, the authors do not give experimental details of 
their TL-methodology. The luminescence chronology is less unambiguous in Lu et al. 
(2004), which deals with the sediments of the entire last interglacial-glacial period (layers 
S1-L1) (see Fig. 2a of Lu et al., 2004). Their luminescence dates were measured with 
multiple-aliquot TL and OSL techniques but again no experimental details are given. The 
most remarkable observation is that the TL ages are always younger than the OSL ages and 
in several cases these differences are significant. Lu et al. (2004) explicitly doubt their 
methods and only use these age estimates as a rough time frame for this site. Furthermore, 
they suggest that the conventional TL and OSL dating techniques commonly applied to 
Chinese loess are probably not suitable for loess from the Qinghai-Tibetan Plateau. Given 
the absence of a method description, it is difficult to evaluate these conclusions. In this 
work we resampled the upper 24 m of the section of Lu et al. (2004) and named it TXDIII. 
The TXDIII section is part of a large slumped block, and thus it was also possible to 
sample two additional smaller sections (TXDI and TXDII) that correlate with the upper 
part of TXDIII (Fig. 2.10). This gave us the opportunity to evaluate the reproducibility of 
our dating procedure on stratigraphically equivalent samples. Unfortunately, we were not 
able to sample the entire section and the lowest sample (A42) was taken at about 6 m 
above the top of S1SS1 of the visible S1 palaeosol.  
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Figure 2.10. Schematic outline of the Zhongjiacai (ZJC), Tuxiangdao (TXDI, II, III) and Le Du 
(LDI, II) sites showing the main loess (L1) and palaeosol units (S1) and the luminescence sampling 
strategy. The sand-silt-clay content (expressed as %) versus depth is also shown for the ZJC site. 
 
The Le Du site (Qing Hai Province, Le Du city) occupies a central position in between the 
two sites discussed above and consists of two sections LDI and LDII about 25 m apart. The 
LDII section was opened because the LDI trench became unstable and in any case it was 
needed to allow deeper samples to be collected between ~15 m and ~20 m below the 
topographic surface. An overlap of several meters between LDI and LDII was sampled 
(Fig. 2.10). 
 
Samples for luminescence dating were taken by hammering 15-20 cm long steel cylinders 
(diameter 5 cm) into the cleaned loess surfaces. Separate material was collected from 
around the sample tubes for dose rate determination. Next to every luminescence sample 
an additional 5 cm long steel cylinder (100 cm³) was taken for water content and bulk 
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density determination. The samples for water content determination were double wrapped 
in plastic bags to prevent drying.  
 
2.2.3 Luminescence measurement facilities 
 
All luminescence measurements were carried out using a Risø TL/OSL-DA-12 or 
TL/OSL-DA-15 system. The Risø TL/OSL-DA-12 is equipped with blue LEDs (470±30 
nm) (Bøtter-Jensen et al., 1999) and an IR laser diode emitting at 830 nm (Bøtter-Jensen 
and Murray, 1999). The Risø TL/OSL-DA-15 system has a set of more powerful blue 
LEDs and three clusters of IR-LEDs emitting at 875 nm (Bøtter-Jensen et al., 2003). 
Irradiations were carried out with 90Sr/90Y beta sources mounted on the readers and 
calibrated for 63-90 µm grains. The difference between the dose rate to 63-90 µm grains 
and the more usual 180-250 µm grains was <1.5%; this is observation is consistent with 
the work of Armitage and Bailey (2005). Luminescence was detected through 7.5 mm 
Hoya-U340 filter. Stimulation was for 40 s at 125°C (room temperature for the IR-test in 
De measurements); a background based on the last 4 s of signal was subtracted from the 
signal detected in the initial 0.8 s to give the net OSL or IRSL signal. 
 
2.2.4 Sample preparation for dose estimation 
 
The sample tubes for equivalent dose determination were processed under subdued red-
orange light conditions. Material in the outer part of the tube, potentially exposed to 
daylight during sampling, was removed. The remaining ~250-300 g of material, was used 
for quartz extraction using conventional sample preparation techniques (e.g. Aitken, 1998). 
The samples were first wet sieved to obtain the 63-90 µm fraction; this fraction was then 
treated with HCl (10%) and H2O2 (30%) to remove carbonates and organic material, 
respectively. To separate quartz from feldspar grains a heavy liquid density separation 
(2.62 g/cm3) step was introduced. Between every step the samples were washed with 
distilled water. Finally the grains were etched for 40 min in a 40% HF solution. After 
etching they were washed in warm HCl (10%, <50oC) to remove any precipitated fluorides 
and the purified quartz extracts were mounted on stainless steel discs using silicone oil. 
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The quartz extracts were checked for purity by means of an IR-test. For every sample, a 
minimum of three natural aliquots went through a cycle of preheating at 260°C for 10 s 
followed by IR-stimulation and stimulation with blue-light, both at 125°C for 40 s. Then, a 
regenerative dose of ~50 Gy was given and the preheating-stimulation cycle repeated. The 
samples were considered pure enough when the natural and regenerated signal ratios of the 
IRSL to the blue-light stimulated luminescence (BLSL) were ≤ 10%. If a sample failed the 
IR-test, the 40 min etching in 40% HF was repeated. In the unusual case where only a few 
hundred mg of quartz was left the duration of additional etch treatments was reduced to 20 
min. A maximum of three etch treatments was applied. Small regenerated IRSL signals 
were observed from all samples and the influence of this remaining ‘IRSL contamination’ 
on the equivalent dose determination is discussed in section 2.5.3.  
  
2.2.5 Luminescence characteristics 
 
2.2.5.1 The single-aliquot regenerative-dose (SAR) procedure  
 
A conventional SAR protocol with blue-light stimulation was used for De determination 
(Table 2.1; Murray and Wintle, 2000). The strength of the SAR procedure is that it corrects 
for luminescence sensitivity changes that may occur during repeated heating, irradiation 
and stimulation of the quartz grains, by dividing the OSL measurement of the natural and 
regeneration doses (Li) by the OSL response to their respective test doses (Ti). A minimum 
of three regenerated doses is chosen so that their corrected OSL signals (Li/Ti) bracket the 
corrected natural OSL signal (L0/T0), allowing interpolation of (L0/T0) to derive De. 
Examples of a natural decay curve and a sensitivity-corrected growth curve for an aliquot 
of sample A22 from the ZJC-section are shown in Figs. 2.11a and b respectively.  
 
Table 2.1. Outline of the single-aliquot regenerative-dose (SAR) procedure  
     (Murray and Wintle, 2000) 
 
Step Treatment Observation 
1 Give dose, Dia - 
2 Preheat (160-300°C) for 10 s - 
3 Blue LEDs, 40 s at 125°C Li 
4 Give test dose, Dtb - 
5 Cut-heat (160-300°C)  - 
6 Blue LEDs, 40 s at 125°C Ti 
7 Return to step 1  
a For the natural sample: i = 0, D0 = 0 Gy 
b Fixed test dose, Dt = 12 Gy 
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For sample A22, six sensitivity-corrected growth curves extending beyond 1000 Gy were 
measured with eleven (Li/Ti) points. The growth curves were then fitted with a single 
saturating exponential + linear function of the form y = y0 * (1-exp(-(x+Di)/D0)) + y1 * x (a). 
An average D0 value of 117±16 Gy (n=6) was calculated. At twice the D0 value the 
sensitivity-corrected OSL signal is at ~85% of the saturation value of the single saturating 
exponential and this is taken as the practical upper limit for dose estimation (e.g. Wintle 
and Murray, 2006). This would suggest an upper dose limit for our samples of ~240 Gy. 
 
Two tests are incorporated in the SAR procedure to evaluate its performance. To check if 
the sensitivity correction is adequate, a lower regeneration dose is repeated after the higher 
dose cycles are complete; the corrected OSL response should be the same as before; i.e. the 
recycling ratio should be close to one. In this study the recycling ratio is the ratio of the 5th 
to the 1st corrected luminescence signal. A second test checks whether the growth curve 
passes close to the origin by measuring the OSL response to a zero Gy dose. Small 
regenerated signals are still observed and this recuperated OSL signal is expressed here as 
a percentage of the natural corrected OSL response. Recycled and recuperated points are 
also shown in Fig. 2.11b. 
 
The influence of the preheat and cut-heat temperature on the De value, recycling ratio and 
recuperation was examined using sample A22. The results are shown in (Figs. 2.11c-f). 
The equivalent dose (De) appears to be independent of preheat temperature (using a fixed 
cut-heat temperature of 160°C) and cut-heat temperature (using a fixed preheat 
temperature of 260°C for 10 s) between 160 and 300°C. The recycling ratio is independent 
of preheat temperature but shows a tendency to be slightly higher at low (≤200°C) and 
high (≥260°C) cut-heat temperatures. The recuperation seems to increase from preheat 
temperatures ≥280°C and stays low (<2%) over the entire 160-300°C cut-heat temperature 
interval.  
 
 
 
 
 
                                                 
(a) Di is the dose at which the curve crosses the x-axis, D0 is the characteristic dose of the saturating 
exponential, y0 and y1 are constants. 
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Figure 2.11. Luminescence characteristics of sample A22 (ZJC, 22.80 m). (a) Natural decay curve 
of a single disc of 63-90 µm quartz. The inset shows the regenerated blue-light and infrared 
stimulated luminescence signals induced by a 119 Gy regenerative dose (a log scale is used for 
clarity). (b) Sensitivity-corrected growth curve for the same aliquot as in (a). Recycled points with 
and without an infrared bleach before blue-light stimulation are shown as open triangles and circles 
respectively. The response to a zero Gy dose (recuperation) is shown as an open square. (c) 
Equivalent dose as a function of preheat temperature. (d) Recycling ratios and recuperation as a 
function of preheat temperature for the same aliquots as in (c). A solid line is drawn at 1 to 
highlight the ideal recycling ratio of unity. (e) and (f) Same as in (c) and (d) but for the cut-heat 
temperature. Three aliquots were used per preheat/cut-heat temperature and the error ranges 
represent 1 standard error. All graphs show results from aliquots with an IRSL/BLSL ratio <10%. 
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2.2.5.2 Dose recovery test 
 
When no other age information is available, the most stringent test for the applicability of 
any luminescence measurement protocol is a dose recovery test (Murray and Wintle, 
2003). In this test natural conditions (no heating) are mimicked by first bleaching the 
sample, giving it a dose and then measuring this dose as if it was the natural dose. In our 
experiments, aliquots were bleached twice with blue light for 40 s at room temperature, 
separated by a pause of 10 ks to allow for thermal decay of any phototransferred charge in 
the 110°C TL trap. Then, a laboratory β-dose approximately equal to the measured De was 
given and determined with SAR in the same way as the natural dose. 
 
Figure 2.12. Results of the dose recovery tests. (a) Ratio of the measured to given dose ratio shown 
as a function of preheat temperature for sample A27 (TXDIII, 2.50 m) and measured with a cut-
heat of 160°C and test dose of 12 Gy. (b) Recycling ratios and recuperation as a function of preheat 
temperature for the same aliquots as in (a). A solid line is drawn at 1 to show a recycling ratio of 
unity. Three aliquots were used per preheat temperature and the error ranges represent 1 standard 
error. (c) Plot of measured to given doses for the routine dose recovery test on samples from all 
three sites (preheat: 260°C for 10s, cut-heat to 180°C and test dose of 12 Gy). A minimum of 6 
aliquots was used per sample and error bars represent 1 standard error. The 1:1 line is shown 
dotted, and the solid line represents a linear fit through all datapoints. (d) Same aliquots as in (c) 
but shown as a histogram. All graphs show results from aliquots with an IRSL/BLSL ratio <10%. 
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The influence of preheat temperature on the measured to given dose ratio was investigated 
for sample A27 using a fixed cut-heat of 160°C (Figs. 2.12a and b). Across the 160-300°C 
preheat temperature interval, the ratio of the measured to given dose is close to one 
whereas the recycling ratio and recuperation both increase from about 260°C onwards. A 
dose recovery test was then carried out on all samples using a preheat of 260°C for 10 s, a 
cut-heat to 180°C and a test dose of ~12 Gy. The measured dose is plotted against the 
given dose in Fig. 2.12c. In the dose interval relevant for this study, between ~40 to ~200 
Gy, the results are completely consistent with the 1:1 line. The individual results are also 
shown as a histogram in Fig. 2.12d. The overall average measured to given dose ratio is 
0.982 ± 0.002 (n=424) indicating that the SAR protocol used here is able to measure 
accurately a dose given prior to any heat treatment. Based on this good dose recovery test, 
a preheat of 260°C for 10 s, a cut-heat to 180°C and a test dose of ~12 Gy was used for 
routine equivalent dose measurements. The observed equivalent dose (De), recycling ratio, 
recuperation and dose recovery (Dr) ratio are summarised in Table 2.2.  
 
2.2.5.3 Effect of IRSL signal on De 
 
As stated in section 4, repeated HF digestion could not eliminate all the IRSL signal in our 
samples. IRSL signals are usually attributed to the presence of feldspars; quartz is known 
not to give detectable luminescence under IR illumination. Optical microscopy of the 
quartz extracts from samples A15 (IRSL/BLSL ratio varying between 2.8 and 28.8%) and 
A31 (IRSL/BLSL ratio varying between 0.6 and 4.1%) did not show any obvious feldspar 
grains in the quartz extracts. However, relatively large quantities of mica were seen in both 
samples, together with other less abundant minerals such as hornblende, tourmaline, zircon 
and opaque minerals. The presence of mica was confirmed by XRD analysis. More 
experimental details of this study can be found in De Corte et al. (2006). It is known that 
mica may give rise to an IRSL signal (Clark and Sanderson, 1994) but Kortekaas and 
Murray (2005) were unable to detect any IRSL from mica in their fine sand from the Baltic 
Sea. Thus, it remains to be established whether our IRSL signal originates principally from 
mica and/or feldspar inclusions in quartz or other minerals.  
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Figure 2.13. Influence of IR-contamination (IRSL/BLSL ratio; log scale) on the equivalent dose 
(De). The De values are normalised to the average De of the aliquots from a given sample with an 
IRSL/BLSL ratio <5%. Open circles represent rejected aliquots. The solid line represents a linear 
fit through all accepted aliquots. 
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The influence of the luminescence signal resulting from IR stimulation on the De 
determination was evaluated by comparing the De with the IRSL response. All our 
measurements were designed in such a way that after the measurement of the natural and 
regenerative dose cycles, every aliquot was given a dose (ranging between 28 and 237 Gy), 
preheated (260°C  for 10s) and stimulated with IR for 40 s at room temperature prior to 
blue-light stimulation. The individual De values of every aliquot were then normalised to 
the average De of the aliquots of that sample showing an IRSL/BLSL ratio <5%. In Fig. 
2.13 these normalised De values are plotted for every aliquot as a function of the 
corresponding IRSL/BLSL ratio for the three sites. The LD site has the highest 
IRSL/BLSL ratios (up to ~150%) whereas the ZJC site and TXD site have IRSL/BLSL 
ratios up to ~40% and ~20% respectively. From the slope of the linear fit through these 
data we can deduce that a 10% IRSL/BLSL ratio would result in a decrease of the De value 
of 5.0%, 5.7% and 5.3% for the ZJC, TXD and LD sites respectively. Considering the 
scatter in the normalised De values, we conclude that an IRSL/BLSL ratio of up to 10% 
does not lead to a significant systematic underestimation of the De (especially if it is borne 
in mind that the distribution of ratios is asymmetric, with the majority lying well below 
10%).  We therefore employed a 10% IRSL/BLSL ratio rejection criterion for the 
measured equivalent dose (De) and dose recovery (Dr) values. 
 
2.2.6 Dosimetry 
 
High-resolution gamma spectrometry was used to derive the concentrations from 238U, 
232Th, 40K in our samples. First, the sediment collected from around the sampling tubes 
was air dried and manually homogenised. Then, a subsample of ~800 g was ground and 
ashed for 24 h at 450°C. About 200 g of this material was cast in a wax to prevent radon 
loss and to provide a constant counting geometry. All samples were counted for at least 24 
h; details on the gamma spectrometry calibration are given in Murray et al. (1987). The 
radionuclide concentrations were converted to dose rate data using the conversion factors 
from Olley et al. (1996). We assume a radon retention factor of 0.8±0.1. At the 2 sigma 
level this covers between 0 and 40% loss of radon; it is considered unlikely that the actual 
mean escape exceeds this range. In any case, the post-radium activities only contribute 
~15% to the total dose rate, and so this assumption is not critical.  
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The contribution from cosmic radiation to the dose rate was calculated following Prescott 
and Hutton (1994) and an uncertainty of 5% was attributed to this value. An internal dose 
rate of 0.06±0.03 Gy/ka was also included (V. Mejdahl, 1996, private communication). 
The long term water content (expressed as a percentage of the dry weight) was estimated in 
the following manner. The modern water content was taken as the lower limit and half of 
the saturation value was assumed to be the upper limit. The midpoint between upper and 
lower limit was considered as the best estimate of the long term water content and an 
uncertainty of 4% was attributed to this value. These assumptions covers more than both 
extreme cases at 2 sigma. Radionuclide concentrations, estimated water content and 
calculated dose rates are summarised in Table 2.2. As is common with Chinese loess, the 
dose rate does not vary significantly with sampling depth and between the different sites. 
The average dose rate absorbed by etched sand-sized quartz grains is ~3.1 Gy/ka. 
 
2.2.7 Luminescence ages and discussion 
 
Table 2.2 summarizes all the dosimetric information, equivalent doses, recycling ratios, 
recuperation values, dose recovery results and the derived optical ages. For all samples the 
recycling ratio is within 10% of unity and the recuperation is <3% of the sensitivity-
corrected natural OSL signal. However, the recycling ratio and recuperation criteria are 
known not to be particularly sensitive tests to the overall suitability of the SAR procedure 
(Murray and Wintle, 2003). The results of the dose recovery analyses (see Figs. 2.13c and 
d and Table 2.2) suggest that our SAR protocol is probably able to accurately measure 
equivalent doses in our samples up to at least ~200 Gy (~65 ka).  
 
2.2.7.1 Zhongjiacai site 
 
The age-depth plot for the ZJC section shows a set of internally consistent optical ages 
ranging from  ~12 to ~75 ka (Fig. 2.14a). It seems that the loess accumulation rate and 
sand content (>63 µm) varied considerably at this site. At least three major phases can be 
discriminated in the history of loess accumulation.  
 
The sedimentation rate for the bottom 6 m of the section (between 24 and 17.8 m) was 
0.22±0.03 m/ka, from ~77 to ~50 ka. This part of the section also contains the lowest sand 
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content (~3%). At 17.8 m (~50 ka), the sedimentation rate increases abruptly to 2.6 +8.3 /-
1.1 m/ka. This high sedimentation rate continues until 12.7 m (~48 ka), and is coincident 
with a correspondingly abrupt increase in sand content to ~10% at 17.8 m; the latter 
decreases slowly over the next ~2 ka (5 m). Above 12.7 m the average sedimentation rate 
decreases again to 0.36±0.02 m/ka until the top of the section at about 12 ka. There may be 
changes in the sedimentation rate during the last 40 ka of the section but the resolution of 
the data is not sufficient to be confident of this.  
 
The weakly expressed palaeosol (S1) observed at the bottom of the ZJC section allows 
comparison of the optical ages above and in the palaeosol with the generally accepted 
model that this palaeosol was formed during MIS 5 (~75 to ~125 ka). The rate of soil 
formation and of dust deposition during warm periods is difficult to quantify. However, 
especially in the western part of the CLP where sedimentation rates are high, weak soils 
developed simultaneously with loess deposition. Assuming these soil horizons can be 
unambiguously identified,  the top of the palaeosol (S1/L1 boundary) can thus be 
considered a time marker horizon (~75 ka, MIS 5/4 transition; Martinson et al., 1987). Lu 
et al. (2007) used the S1/L1 boundary in a similar manner to validate their OSL ages at the 
well-known Luochuan site in the central part of the CLP.  
 
The difficulty in this study comes from the fact that the S1/L1 boundary cannot be 
unambiguously defined from our field and laboratory observations. Sampling at this site 
was carried out in a relatively narrow (~1 m) trench, cut back several meters into the loess 
profile, which made color changes difficult to assess. Nevertheless, the slight colour 
changes in the field were confirmed in the laboratory by examining the colour changes of  
the samples for grain size analysis (taken at 5 cm intervals).  
 
Because of the uncertainties associated with the S1/L1 boundary at this site, we consider 
two different possible scenarios. Assuming that our field observations are correct, the 
S1/L1 boundary (top of S1SS1) is placed at ~17.75 m (dashed line X1 in Fig. 2.14a). In 
this case, the optical ages at this boundary of ~50 ka (samples A18, A19) are clear 
underestimates. The more pronounced soil formation found from ~21.70 m onwards then 
presumably represents the Eemian (MIS 5e) soil (top of S1SS3; dashed line X2 in Fig. 
2.14a) and the intermediate triplet of the S1 pedocomplex, S1SS2, has not been identified. 
The second possibility is that the S1 pedocomplex starts lower in the section and the S1/L1 
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boundary is actually located at ~21.70 m. In this case, the optical ages (samples A25 to 
A23) close to this boundary are in good agreement with the expected age of ~75 ka and no 
underestimation of the optical ages is observed. According to Feng et al. (2004) the upper 
and lower boundaries of the S1 palaeosol are reasonably well defined in the CLP by a low 
content of coarse (>63 µm) grains. Thus, according to the sand content variation, the actual 
top boundary of S1/L1 at this site is indeed around ~18 m, which would put more weight to 
the first scenario (Fig. 2.14a).  
 
In order to examine this discrepancy in more detail, Buylaert et al. (2007) sampled above 
and below the S1 palaeosol at the well known Luochuan site, where there is less doubt 
about the age of the boundaries of the S1 palaeosol (e.g. Lu et al., 2007). Buylaert et al. 
(2007) concluded that the procedure used in this work should not be used on Chinese loess 
samples exceeding ~40-50 ka in age; older quartz SAR-OSL age estimates should be 
considered as minimum ages. An upper dating limit of ~40-50 ka corresponds to 
equivalent doses measured on etched sand-sized quartz grains of ~120-150 Gy. 
 
It is important to note that this proposed upper dose limit is in contrast with the expected 
dose range based on the shape of the SAR-OSL growth curve. From the shape of the 
growth curve (Fig. 2.11b) it seems reasonable to expect that equivalent dose estimates of 
up to twice D0 (i.e. ~240 Gy) can be measured without saturation effects becoming 
significant (see section 5.1). From our work, and that of Buylaert et al. (2007) it appears 
that, when applied to Chinese loess, the SAR-OSL protocol used here should be restricted 
to equivalent doses not much larger than D0 (~120 Gy).  
 
Recapitulating, based on the available data from the ZJC site, we are currently unable to 
make an unambiguous statement as to how far back we can reliably date Chinese loess 
with SAR-OSL applied to 63-90 µm quartz. It is now known that age models based on 
proxy records such as magnetic susceptibility and grain-size variation can be substantially 
in error (Lai and Wintle, 2006; Stevens et al., 2007). Nevertheless, we suggest that one 
should be careful when dating Chinese loess samples with SAR-OSL on sand-sized quartz 
for which the De values are exceeding ~120 Gy. 
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Figure 2.14. Calculated luminescence ages (random errors only) against depth: (a) Zhongjiacai 
site, (b) Tuxiangdao site and (c) Le Du site. For the Zhongjiacai section, the sand-content (>63 µm) 
is also shown. Sedimentation rates and calculated errrors (±1 sigma) obtained through linear 
regression (solid and dotted lines) are also shown. A dotted line is used in (b) because of the 
uncertainty on the calculated sed. rate due to the large scatter in the ages at the bottom of TXD.  
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2.2.7.2 Tuxiangdao and Le Du sites 
 
Three different profiles were sampled at the TXD site (TXDI, II and III) (Fig. 2.10). These 
three sections overlap only in the top 7 m and are correlated to each other with reference to 
the modern surface. No ages are reported for the top 1.5 m because this material was 
identified in the field as agriculturally disturbed. Below this level, all the ages from the 
different sections are in satisfactory agreement. Starting from the bottom of the section, the 
deeper samples up to about 14 m show a much larger scatter than expected from calculated 
uncertainties. An examination of the data in Table 2.2 (TXDIII data) shows that, for the 
deepest 5 samples, this scatter originates primarily with the dose rate. Above 14 m the 
scatter in the data is much more consistent with calculations; the average sedimentation 
rate up to 4.7 m is 0.80±0.10 m/ka, although clearly the large scatter in the deeper part of 
the section could be concealing significant variations in this average (dotted line in 
Fig.2.14b).  
 
The sample above 4.70 m (~32 ka) was taken at 3.50 m; the age of ~18 ka implies a 
sedimentation rate of only 0.09 m/ka during the LGM. In addition there are 6 ages of 
between ~18 and ~14 ka from 3.5 to 2.5 m with an average sedimentation rate of 0.48 
+0.48/-0.16 m/ka (inset Fig. 2.14b); this sedimentation rate is comparable with that deeper 
in the section. Thus, it seems more likely to us that there is about 6 m of sediment missing 
between 4.70 and 3.50 m (assuming a sedimentation rate of ~0.5 m/ka). Neither field 
observations nor proxy-records such as grain-size or magnetic susceptibility variations 
were able to identify the presence of such an important hiatus at this site (Lu et al., 2004); 
this casts doubts on the use of correlation techniques (‘wiggle-matching’ of proxy-records 
against the marine oxygen-isotope stage records) to derive a chronology for an undated site 
(e.g. Kukla et al., 1988; Vandenberghe et al., 1997). This hiatus most likely represents an 
erosional phase and this observation clearly undermines the long-held assumption of 
continuous loess sedimentation in the Chinese Loess Plateau. Stevens et al. (2006), using 
high-resolution optical dating, also describe a hiatus between 10 and 14 ka at the 
Beiguoyuan site, in the central CLP; this may indicate that such discontinuities in the 
Chinese loess record are far more widespread than previously thought and that their 
occurrence is not restricted to loess terrace sites in the western CLP. 
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The optical ages are spatially highly reproducible; samples from the same stratigraphic 
level but from different profiles tens of meters apart yield indistinguishable optical ages 
(Fig. 2.14b). The deepest samples at TXDIII  were taken ~10 m above the S1/L1 boundary 
(presumably ~75 ka). Extrapolation of the optical ages, assuming an average sedimentation 
rate of ~1 m/ka, to this depth, would suggest an age estimate of ~60 ka for this boundary; 
about 20% low compared to the expected age of ~75 ka.  
 
At the LD site the sampling resolution was lower, with a luminescence sample taken at 
about every ~2 m instead of ~1 m at ZJC and TXDIII. Samples from the different profiles 
(LDI and LDII) are spatially highly reproducible (Fig. 2.14c). There may be a decrease in 
sedimentation rate between 14.8 m (~39 ka) and 9.3 m (~27 ka), presumably 
corresponding to MIS 3. According to the luminescence ages, the entire section consists of 
last glacial loess (L1); unfortunately no S1 palaeosol or other relevant marker horizon is 
available to compare with our dating results.  
 
2.2.8 Conclusions 
 
In this paper we have applied a single-aliquot regenerative-dose (SAR) protocol to 63-90 
µm quartz grains to derive luminescence ages for three sites (Zhongjiacai, Tuxiangdao, Le 
Du) in the western Chinese Loess Plateau. Extensive laboratory tests such as preheat and 
cut-heat plateau tests and dose recovery tests (measured to given dose ratio = 0.982±0.004, 
n=424) confirm the suitability of our SAR-OSL protocol to measure the equivalent dose 
(De) for all samples. A multiple sampling strategy allowed us to show an excellent spatial 
reproducibility of the optical ages for the Tuxiangdao and Le Du sites. The high-resolution 
optical age datasets for the three sites suggest that loess accumulation is episodic and that 
the loess accumulation rates varied considerably during the last glacial(-interglacial) 
period. An important hiatus between ~20 and ~30 ka was identified at the Tuxiangdao site 
which had not been detected in previous studies. This clearly underlines the importance of 
high-resolution luminescence dating studies in the Chinese Loess Plateau. At this stage in 
our understanding, we suggest restricting the application of the SAR-procedure to sand-
sized quartz extracted from Chinese loess to samples not exceeding ~40-50 ka (~120-150 
Gy); older age estimates should probably be regarded as minimum ages. 
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Abstract 
 
The reliability of equivalent doses (De) from Chinese loess, measured using isothermal TL, 
is tested. Dose calculations use the single-aliquot regenerative-dose (SAR) procedure. 
Despite good reproducibility of laboratory induced signals and negligible response at zero 
dose, a significant overestimation of De is observed, compared to OSL measurements. 
Measurement of a known laboratory dose administered after optical bleaching, but before 
any heating, demonstrates that the first heating during measurement of the natural signal 
causes a significant sensitivity change, undetected by SAR. Using the single-aliquot 
regeneration and added (SARA) dose procedure, which allows for initial sensitivity 
change, good agreement with OSL is obtained after allowance is made for initial 
incomplete bleaching. It is concluded that SAR-ITL, in its present form, is not a suitable 
method for dating Chinese loess; it is very important to undertake a dose recovery test 
before any TL procedure is used to date sediments. 
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3.1 Introduction 
 
Chinese loess is a windblown fine-grained sediment deposited almost continuously at least 
through the last 1Ma. It is of great interest to earth scientists because it contains a record of 
past changes in the Earth’s climate. However, there is an urgent need for an accurate 
geochronometer to help in the interpretation of these deposits. It is widely accepted that 
quartz optically stimulated luminescence (OSL) dating using the single-aliquot 
regenerative dose (SAR) procedure gives reliable ages, but these signals suffer from 
saturation effects (usually at doses of about 200 Gy) imposing an upper dating limit of 
about 60-70 ka on quartz OSL dates from Chinese loess (Fig. 3.1).  
 
To extend the upper dose limit, we have investigated the potential of using the 
thermoluminescence (TL) signals from quartz. These signals saturate more slowly and thus 
may allow us to date older sediments. Unfortunately, TL signals are also more difficult to 
zero by exposure to light. This may give rise to significant residual doses at the time of 
deposition, but this is less likely to be a limiting factor for older samples with larger burial 
doses, and it is those for which TL signals are most likely to be useful.  
 
In this paper, the potential of the isothermal TL (ITL) signal together with the single-
aliquot regenerative-dose (SAR) procedure is investigated. Isothermal measurements (at 
310-320°C in our case) have the potential advantage, compared to conventional TL 
measurements to 450°C, of a better separation of signals from different traps, allowing us 
to selectively stimulate only the most light-sensitive traps, and of minimising black body 
radiation by avoiding high temperature heating. Only a few reports of the application of 
ITL measurements are available, to fluvial and aeolian/marine sands (Choi et al., 2006; 
Jain, M., personal communication); none report investigations on Chinese loess. Here dose 
estimations are obtained using ITL from a set of Chinese loess samples and the results are 
checked for consistency with conventional OSL results. 
 
3.2 Experimental details 
 
A set of 12 samples from two different loess sections in the western part of the Chinese 
Loess Plateau was examined. Pure quartz grains in the 63-90 µm range were extracted 
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using conventional sample preparation techniques [wet sieving, HCl (10%), H2O2 (10%), 
heavy liquid density separation (2.62 g/ml) and 40 min of 40% HF]. Sample purity was 
checked using IR-stimulation at room temperature after a regenerative dose of ~50 Gy. All 
measurements were made with a Risø TL/OSL reader equipped with blue LEDs (470±30 
nm) and IR-diodes emitting at 880 nm (Bøtter-Jensen et al., 2000). The luminescence 
signal was filtered through 7.5 mm of UV-filter (Hoya U-340).  
 
3.3 Luminescence characteristics  
 
All our samples were first analysed using OSL and a conventional SAR protocol with blue-
light stimulation (Murray and Wintle, 2000). A preheat of 260°C for 10s, a cut-heat to 
180°C and a test dose of about 12 Gy were employed. From standard laboratory tests it is 
concluded that our SAR-OSL protocol is suitable for equivalent dose determinations for 
these samples. Recycling ratios, i.e. the ratio of the 5th by the 1st corrected luminescence, 
are close to unity (1.05±0.01, n=35) and recuperation, i.e. the corrected OSL response to a 
zero Gy dose, is low (1.54±0.09 % of the sensitivity corrected natural signal, n=35). These 
tests indicate that the sensitivity corrected laboratory measurements are satisfactory. 
Additionally, dose recovery tests were carried out to test the overall accuracy of our 
measurement protocol. The SAR-OSL procedure performed well in this final and most 
stringent test, providing measured to given dose ratios close to unity (0.98±0.01, n=36). As 
is common in Chinese loess deposits, there is no independent age control, but our 
laboratory tests give us confidence that our SAR-OSL protocol gives reliable estimates of 
the equivalent dose and can be used as a reference for comparison with ITL results. 
 
Table 3.1. The SAR-ITL measurement protocol 
 
Step Treatment Observation 
1 Give dose, Dia - 
2 Heat to 310°C, hold for 300s Li 
3 Give test dose, Dtb - 
4 Heat to 310°C, hold for 300s Ti 
5 Return to step 1  
a D0 = natural dose 
b Fixed test dose, Dt = 20 Gy 
Isothermal measurements were made at 310°C for 300s; the entire measurement protocol is 
given in Table 3.1. A heating rate of 5°C/s was adopted, together with a test dose of 20 Gy. 
No preheating was applied; since the samples are thermally ramped to 310°C before 
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measurement, it is presumed that any unstable traps should have been emptied during this 
process. The initial (first 6 s) ITL intensity was used in further calculation (less a 
background estimated from the last 30 s of the ITL decay curve). Figure 3.1 shows typical 
SAR-ITL and OSL growth curves for sample A55, clearly illustrating the ITL growth 
curve extending to higher doses than the OSL curve. 
 
 
Figure 3.1. Difference between OSL and ITL growth curves. Recycled points are shown as open 
circles and triangles respectively. In the inset a typical natural decay curve obtained at 310°C is 
shown.  
 
 
The influence of measurement temperature on the SAR-ITL equivalent dose was examined 
next (Fig. 3.2a). The values of De are independent of measurement temperature in the 
temperature region 280 to 350°C. Over the same temperature range, recycling ratios are 
very close to unity and recuperation is negligible (Fig. 3.2b). From these standard 
laboratory tests it can be deduced that our SAR-ITL measurement protocol provides 
reproducible laboratory measurements of dose over a wide temperature range. 
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Figure 3.2. Influence of measurement temperature on equivalent dose estimates (a); three aliquots 
were measured at each 10°C temperature interval. The dashed line represents the equivalent dose 
obtained with SAR-OSL. In (b) the recycling ratios and recuperation for the same aliquots as in (a) 
are shown. A solid line at 1 (recycling ratio) and a dashed line at 0 (recuperation) is drawn for 
comparison. Both in (a) and (b) error bars are standard errors. A slightly modified measurement 
protocol was used here: the measurement temperatures of the natural and regenerative dose 
responses were always 10°C higher than the test dose response measurements. After each 
measurement cycle the samples were thermally ramped to a temperature 10°C higher than the 
measurement temperature of natural signal and immediately cooled down. 
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A set of twelve samples was then measured with our SAR-ITL protocol and the equivalent 
doses (De,ITL) are plotted against the OSL equivalent dose estimates (De,OSL) in Fig. 3.3 
(filled circles). The SAR-ITL data were corrected for incomplete bleaching using a modern 
sample. Unfortunately, the ITL results systematically overestimate compared to the OSL 
results over the entire dose range (up to ~150 Gy). To examine this observation in more 
detail a dose recovery test was carried out. 
 
 
Figure 3.3. SAR-ITL and SARA-ITL equivalent dose determinations versus the SAR-OSL values. 
The SAR-ITL equivalent doses (filled circles) clearly overestimate the OSL results. The SARA-
ITL equivalent dose estimates (open circles) are consistent with the 1:1 line. Both datasets have 
been corrected for incomplete bleaching. The lines have been forced through the origin. 
 
3.4 Dose recovery test  
 
The most stringent test of laboratory measurements and a prerequisite for any dating 
protocol is the ability to accurately measure a known dose given in the laboratory before 
any treatment that would not have occurred in nature (particularly heating). Aliquots were 
first bleached for 1h in the Hönle SOL2 solar simulator, given a dose in the reader and then 
measured with the SAR-ITL protocol. This dose recovery test was undertaken using 
various doses on sample A55. Three aliquots were measured per dose step with the SAR-
ITL protocol from Table 3.1, and the results are summarised in Fig. 3.4. The measured 
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dose is consistently higher than the given dose; an observation that is consistent with the 
difference in equivalent dose results in Fig. 3.3.  
The inset to Fig. 3.4 shows the results of a simpler approach to a dose recovery test. Three 
aliquots of sample A55 were first bleached for 1h in the solar simulator and then subjected 
to repeated SAR–ITL cycles (Table 3.1) with a constant regenerative dose of 60 Gy 
(except for the 4th cycle that has a zero dose). The net Li and Ti signals are plotted against 
the number of SAR cycles. A marked drop in luminescence (L0) from the first regenerated 
dose is observed, compared to subsequent regenerated signals (Li, i=1,3) while the 
sensitivity (Ti, i=0,6) does not change significantly.  
 
 
Figure 3.4. Dose recovery test using the SAR-ITL protocol as a function of dose. The 1:1 line is 
shown for comparison. The inset shows a simpler approach to a dose recovery test. Three aliquots 
were bleached for 1h and subjected to repeated SAR-ITL cycles with a constant regenerative dose 
of 60 Gy (except 4th cycle which is a 0 Gy dose). The net Li and Ti signals are plotted against SAR-
cycle number as filled and open symbols respectively. The lines have been forced through the 
origin. 
 
From the dose recovery tests it can be deduced that the first heat treatment (during the 
measurement of the natural luminescence signal) consistently reduces the luminescence 
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sensitivity of the quartz. As a result, the growth curve determined by regenerating the 
luminescence using laboratory doses is not appropriate to the natural signal. 
 
3.5 Avoiding the problem: Single-Aliquot Regeneration and Added dose 
(SARA) procedure  
 
The SAR procedure is designed to correct for sensitivity changes that occur during 
repeated regeneration and measurement cycles. However, this procedure cannot detect 
sensitivity changes occurring between the measurement of the natural signal and of the 
subsequent test dose signal (Murray and Wintle, 2000). We used a modified version of the 
SARA procedure (Mejdahl and Bøtter-Jensen, 1994) to take into account such changes. In 
our version of this procedure different laboratory doses (β, 2β, … nβ) are first added to 
groups of natural aliquots, prior to any luminescence measurement. One group of six 
aliquots does not receive an additional dose. Other added dose groups contain 3 to 4 
aliquots per group. All groups are then measured using the SAR-ITL protocol to give a 
dose estimate for each aliquot. These measured dose estimates are then plotted as a 
function of added dose (Fig. 3.5). In the absence of any sensitivity change between the 
measurement of the natural and the subsequent test dose the slope of the resulting straight 
line should be unity, but if the sensitivity decreases, then the slope will be >1. In all cases, 
however, the extrapolated intercept on the dose axis should give De, independent of 
sensitivity change. Thus despite the name, at least two (in practice, many) aliquots are 
required to produce a single estimate of De. 
 
A modern sample with a residual De, OSL of 3.3±0.2 Gy (n=30) was first measured with the 
SAR and SARA isothermal measurement protocols. A De, ITL of 28.4±0.4 Gy (n=12) was 
obtained with SAR-ITL and 20±2 Gy with the SARA-ITL protocol. Thus incomplete 
bleaching in ITL measurements is a limitation for young samples but should be trivial in 
older samples. 
 
The SARA equivalent dose estimates for 7 samples are also plotted in Fig. 3.3 (open 
circles). These SARA-ITL estimates of De are significantly lower than the SAR-ITL 
values, but are completely consistent with the OSL results. It appears that the sensitivity 
change that occurs during the first measurement cycle has been successfully corrected for. 
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Figure 3.5. Equivalent dose determination using the SARA-ITL protocol.  
 
3.6 Discussion and conclusion 
 
The growth of the dose response curve using an isothermal TL SAR measurement protocol 
indicates a potential for quartz from loess well beyond the OSL range. The samples pass 
the standard laboratory tests of our SAR-ITL protocol; recycling ratios are close to unity 
and recuperation is very low. However, the SAR-ITL equivalent dose values are 
significantly higher than the OSL results even after correcting for incomplete bleaching. 
The protocol also fails the dose recovery test, yielding higher doses than were 
administered. It has been shown that a sensitivity change occurs when the first heat 
treatment is applied to measure the natural signal. This change is not detected by the SAR 
procedure. The single-aliquot regeneration and added dose (SARA) procedure avoids this 
problem and the SARA-ITL values are, as expected, systematically lower than the SAR-
ITL values. After allowing for incomplete bleaching (~20 Gy), they are completely 
consistent with the OSL estimates of De. 
 
Even allowing for about 30% change in sensitivity, the ITL growth curve of Fig. 3.1 still 
offers a considerable increase in dose range over OSL. It may be possible to demonstrate 
that a correction factor based on a dose recovery test succesfully corrects for this 
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sensitivity change, and so gives accurate estimates of De, even beyond the OSL dose range. 
This suggestion is now being tested.  
 
We emphasize the importance of a dose recovery test to examine the suitability of any dose 
measurement protocol. The problem reported here of a sensitivity change following first 
heating has been found by these authors in several types of samples other than loess. We 
conclude that the simple SAR-ITL measurement protocol cannot be used for luminescence 
dating of these Chinese loess samples, but that SARA-ITL appears to give accurate dose 
estimates. 
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Abstract 
 
Dating sediment older than ~150 ka still remains difficult because of a lack of suitable 
chronological tools. Here we report on studies to determine whether measurements of 
quartz thermoluminescence made at constant temperature (isothermal luminescence) can 
be used to extend the dose limit in sediment dating. The origins and dosimetric 
characteristics of the quartz isothermal signal at 310ºC are investigated. It is shown that, in 
general, application of a single aliquot regenerative (SAR) dose protocol with this signal 
overestimates the expected equivalent doses in sedimentary samples, from a variety of 
environments and locations. This anomaly originates from a change of luminescence 
sensitivity, during or after the initial thermal measurement. A single aliquot regenerated 
and added dose (SARA) protocol suggested as the only approach known to compensate for 
this initial change of sensitivity was unsuccessful. 
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4.1 Introduction 
 
Quartz optically stimulated luminescence (OSL) often saturates between 200 and 400 Gy; 
anomalous fading hinders dating using K-feldspars, despite their higher saturation limits. 
Promising investigations have recently shown that: (i) quartz isothermal 
thermoluminescence (ITL) signals grow with dose to higher values, compared to OSL, 
before the onset of saturation (Jain et al., 2005; Choi et al., 2006; Buylaert et al., 2006; Fig. 
4.1); (ii) the signals can be reasonably well reset before deposition and (iii) ITL ages are 
consistent with expectations (Choi et al., 2006). These observations suggest that ITL might 
be a useful chronometer in sediment dating. 
 
 
Figure 4.1. Normalised growth characteristic of ramped TL (crosses) and isothermal TL (circles). 
Ramped TL (crosses): additive dose (1ºC/s), with a second glow normalization (70 Gy); signal 
integration from 300 to 350ºC. ITL at 310ºC, continuous irradiation (filled circles): measurement at 
310ºC, for 25 s (5ºC/s), with a test dose of 67 Gy. ITL at 310ºC, pulsed irradiation (open circles): 
same conditions, but the irradiation was delivered in short pulses (13.4 Gy), separated by a quick 
heating to 220ºC. Sample is a modern beach sand (024825). 
 
Thermoluminescence (TL) dating of quartz has been widely used in the past, but more 
recently has largely fallen out of fashion due to the perceived poor resetting in the 
environment, and the fact that it has only been used with multiple aliquot procedures; the 
latter leads to poor reproducibility, and, in added dose protocols, low precision when 
extrapolating to obtain the equivalent dose. This is made worse by uncertainties in the most 
appropriate growth curve model to be used in the fitting. Others have shown that the quartz 
OSL signal is derived from the same temperature region as the thermoluminescence peak 
located at 325ºC, and has some similar behaviour (e.g. Spooner, 1994). Nevertheless, the 
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quartz OSL signal seems to saturate much earlier than its TL counterpart at 325ºC, 
suggesting a complex system of traps and recombination centres in this temperature region 
(e.g. Jain et al., 2005).  
 
A typical isothermal TL (or phosphorescence) signal is shown in Fig. 4.2a. Isothermal TL 
is preferred to conventional ramped TL measurement, because: (i) it does not involve 
heating to high temperatures. It is well known that repeated heating to high temperature 
induces large and usually irreversible sensitivity changes in the quartz TL response. (ii) 
blackbody radiation is constant throughout the measurement, and is smaller than in ramped 
TL (because the measurement temperature is lower); and (iii) it results in a possible 
improved separation of signals from overlapping traps, when the ITL is transformed as 
shown in Fig. 4.2b (Randall and Wilkins, 1945; Visocekas, 1979). Additionally, the 
normalised luminescence from ITL has a better reproducibility, because use can be made 
of the single-aliquot regenerative-dose procedure. Finally, equivalent dose measurement 
with ITL should be more precise and accurate; it is derived by interpolation, and is thus 
insensitive to growth curve model. Using the ITL approach, recent studies have made use 
of the single-aliquot regenerative-dose (SAR) procedure for equivalent dose measurements 
with success (Gibling et al., 2005; Choi et al., 2006). 
 
Figure 4.2. (a) Isothermal decay measured at 310ºC and held for 300 s, for the natural 
luminescence of a sample expected to contain 145 Gy (H22548). (b) The same data have been 
transformed by multiplying the intensity by time. 
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In this paper we investigate the potential of quartz ITL for extending the luminescence age 
range by examining the characteristics of quartz samples from a variety of locations around 
the world. Based on results from these experiments, the origins of sensitivity change in the 
quartz ITL signal are investigated in some detail.  
 
4.2 Sample treatment and analytical facilities 
 
All samples reported in this paper, and listed in Table 4.1, were sieved and processed in the 
usual manner; concentrated HF was employed to finally purify sand-sized quartz (180 – 
250 µm; except for Chinese loess: 63-90 µm). Purity was verified by ensuring that the 
luminescence response to infrared stimulation was negligible compared to that from 
subsequent blue light stimulation (Smith et al., 1990).  
 
Table 4.1. List of samples and ratio of first/second ITL measurements given in increasing order of
      change. 
 
Environment Country Lab code
Modern beach Denmark 024525 1.07  ± 0.02
Loess Korea L5950 1.08  ± 0.02
Shallow marine Denmark 981011 1.176 ± 0.019
Shallow marine Russia H22548 1.18  ± 0.02
Colluvial Syria J1 1.22  ± 0.04
Frost-wedge Belgium BEL1 1.5    ± 0.2
Shallow marine Denmark 981005 1.67  ± 0.09
Shallow marine Denmark 981004 1.9    ± 0.2
Shallow marine Denmark 981021 2.11  ± 0.17
Loess China A55 2.42  ± 0.09
First/second ITL a
 
a) Mean and standard error of 12 aliquots. 
 
All luminescence signals were detected through a U340 filter; the heating rate was 5ºC/s 
and ITL was measured at 310ºC, unless noted otherwise. The signals were integrated over 
5 s, the integration period beginning 5 s after the desired temperature was reached, in order 
to reduce the effects of any thermal lag. The time required to reach thermal equilibrium 
was observed to vary slightly, from aliquot to aliquot. The value of 5 s was chosen to at 
least ensure that sample temperature was constant, for every aliquot, within the signal 
integration limits. An estimate of the background signal was based on the ITL signal at the 
end of each stimulation curve. Laboratory bleaching employed a Hönle SOL2 solar 
simulator. 
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Laboratory measurements of isothermal luminescence were performed in various ways. 
The measurement protocol always involved administration of a dose followed by an 
isothermal stimulation. No preheat was employed as the influence of shallow traps is not 
expected to influence thermal measurements at higher temperature (see section 4.4.3). A 
SAR protocol was implemented by giving a subsequent test dose, followed by ITL 
measurement. Measurements conditions (temperature and duration) were identical, for 
both regenerated and test dose. Any addition or modification to this protocol is discussed 
where necessary in the text. 
 
4.3. Defining the problem 
 
The use of ITL to determine the equivalent dose was initially investigated using quartz 
from a known-age sandy shallow marine deposit from Denmark (981011). Equivalent 
doses were measured using both OSL and ITL. OSL ages from this section were consistent 
with the expected Marine Isotope Stage 5e age (Murray and Funder, 2003). ITL equivalent 
doses were measured over a range of thermal stimulation temperatures (Fig. 4.3a). The 
material met the assumptions of the SAR procedure (i.e. recycling ratios close to unity, low 
recuperation values compared to the natural signal). The estimated values of De for 
measurements made at 300ºC were close to the expected values (Fig. 4.3a). However, ITL 
dose recovery measurements show a pronounced overestimation of the known dose, 
casting doubt on the reliability of the equivalent dose determination (Fig. 4.3b), but no 
large variability with temperature as shown for De (Fig. 4.3a). 
 
The origins of this inaccuracy in dose recovery experiments were investigated by giving a 
known beta dose of 100 Gy to a modern beach sand (024825). The ITL signal was 
measured at 310ºC for 300 s, and the cycle repeated several times. Figure 4.4a shows that 
there was a marked change in response following the first measurement cycle. Figure 4.4b 
shows the dependence of this first to second cycle change as a function of measurement 
temperature. It is clear that significant sensitivity changes occur at all temperatures above 
about 170ºC. This change was investigated for 7 samples of different geographical origin 
in Table 4.1. Every sample (except for 024825) was bleached with the solar simulator for 1 
h, given a 100 Gy dose and the ITL at 310ºC was measured for 300 s. 
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Figure 4.3. (a) Equivalent dose and (b) dose recovery performed with a SAR-isothermal procedure. 
The measurements were obtained by measuring the ITL at different temperature. In each case, it 
was held for 300 s. The equivalent dose from OSL gave 191±7 Gy and is shown as the dashed line 
in (a). For the dose recovery, the aliquots were bleached in a solar stimulator for 1 hour and given a 
dose of 100 Gy. Test dose was 20 Gy. 
 
 
Figure 4.4. (a) Performing an isothermal stimulation, at 310°C, induces a marked desensitisation of 
luminescence between the first and the second dose-ITL measurement. (b) Desensitisation 
monitored for different temperatures of ITL. 
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Such a change in sensitivity in the first cycle invalidates the use of the SAR procedure, 
which assumes that any sensitivity change during the first measurement will, for a given 
dose, be the same as a sensitivity change during the various subsequent regeneration 
measurements. Although this decrease is particularly obvious after the first measurement, 
smaller changes continue to be observed in later cycles. Nevertheless, it appears that, after 
the first cycle of measurement, the variation of luminescence sensitivity can be corrected 
for by using the response to a subsequent test dose (Fig. 4.5, open circles). 
 
 
Figure 4.5. Open circles: comparison of luminescence intensities measured by ITL, from a dose 
(150 Gy) and test dose (50 Gy). Sample (H22548) was first annealed at 700ºC. Filled Circles: 
comparison of luminescence intensities measured by ITL (200 Gy) and the OSL response to a test 
dose (100 Gy), for sample 024825. The test dose received a preheat of 200ºC/10s and the OSL was 
measured at 125ºC. Crosses: comparison of luminescence intensities measured by ITL and the TL 
response of the 110ºC TL peak to a small test dose (2 Gy), for sample 024825. The test dose was 
measured before giving the dose (100 Gy). All measurements were normalised to the first 
measurement value. In this case, the sensitivity increased after the first heat; this might be due to 
the relatively short stimulation (25 s; c.f. Section 4.4.5).  
 
It is not surprising that luminescence sensitivity changes during thermal stimulation. 
However, the initial desensitisation shown in Figure 4.4a and 4.4b is unexpected, because 
an increased duration of thermal stimulation is usually expected to increase the 
luminescence sensitivity in samples (e.g. Adamiec, 2005). 
 
The possibility of using the TL response of the 110ºC TL peak to a small test dose as a 
surrogate for sensitivity change was considered (Fig. 4.5, crosses). The sensitivity of this 
TL peak tends to increase after each successive cycle of measurement. However, the 
pattern of increase does not correlate with that observed for the isothermal measurements, 
implying no direct link between these two trap-centre systems. A similar conclusion is 
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drawn for OSL response to a small test dose, performed after each isothermal measurement 
(Fig. 4.5, filled circles). 
 
4.4 Investigations 
 
4.4.1 Residual luminescence 
 
If there were a residual, difficult to bleach, trapped charge population left after bleaching, 
this would give rise to a significant overestimate of dose based on a comparison of the first 
and second cycles of measurement. However, for the samples that were used in this study, 
residual luminescence does not account for the apparently higher luminescence response in 
the 1st measurement. For example, quartz from a modern marine beach (lab code 024825) 
was found to have a natural ITL signal equivalent to about 3 Gy; this is only ~3% of the 
dose (100 Gy) administered to the same sample during dose recovery experiments in which 
we observed an overestimation of about 25%. 
 
4.4.2 Dose dependence 
 
This initial desensitisation of luminescence, as seen for the ITL in Figure 4.4a, appears to 
be dependent on the applied radiation dose (Fig. 4.6). For small doses, the relative amount 
of decrease is >2 times that observed at higher doses. The highest doses (1000 and 3000 
Gy) are well into the level of apparent saturation of the ITL for this sample (024825, the 
modern beach sand). The observation of a slight change in sensitivity from the first to the 
second ITL measurement even when the sample is in saturation might suggest that this is 
related to a relative decrease in available luminescence recombination centres after the first 
measurement. The ramping rate to reach 310ºC also appears to have some influence (Fig. 
4.6; compare open and filled circles) but this could simply mean that we are sampling 
slightly different TL traps as the less thermally stable will have been emptied when the 
slower heating rate is applied. 
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Figure 4.6. Ratio of first/second ITL measurement given as a function of doses used. A residual 
dose (~ 3 Gy) has been subtracted from this data set. ITL was measured at 310°C with the sample 
held for 1000 s after heating to 310ºC at either 1 or 2ºC/s. 
 
4.4.3 Shallow trap competition 
 
A different trapping probability due to changes in trap competition during irradiation, for 
the first and the following sets of measurement, might also explain this decrease in 
luminescence. For instance, the 280°C trap will contain a number of trapped electrons 
during first irradiation, because this TL peak is difficult to bleach. After the first ITL 
measurement, the 280ºC trap will be thermally reset to zero. This would suggest that the 
optically sensitive 325°C TL peak could receive more electrons during the first irradiation, 
compared to following cycles. That possibility was tested by performing a preheat (280 
and 300ºC, for 10 s) before administering the first dose. A marked change in sensitivity 
was still observed (first to second ITL ratio equal to 1.38±0.06, n=6), implying that 
shallow trap competition is unlikely to explain the observed loss of sensitivity on first 
measurement. 
 
4.4.4 Thermally unstable recombination centre 
 
A recently proposed luminescence model suggests that luminescence dating using quartz 
OSL or TL measurements for equivalent doses higher than ~40 Gy should be prone to 
overestimation, due to a dose-rate effect (Bailey, 2004). This model suggests that the 
growth of luminescence with applied dose will saturate earlier under laboratory irradiation 
than during irradiation in nature. The model indicates that this is due to competition from a 
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thermally unstable recombination centre, during luminescence readout, and predicts that 
this defect should rapidly reach equilibrium, and contain only a low concentration of holes, 
during burial. However, in the laboratory, thermal de-trapping at room temperature is too 
slow in comparison to the laboratory dose rate, and this leads to a higher concentration of 
those thermally unstable holes at non-luminescent centres available during luminescence 
readout, thus depressing the luminescence yield following laboratory irradiations. Bailey 
(2004) suggests performing laboratory irradiations at elevated temperature irradiation in 
order to maintain a low hole concentration or, as an alternative, delivering the laboratory 
dose in small pulses, with a preheat in between each irradiation, to keep the hole 
population low. 
 
Measurements were carried out on two samples to test this model (024825 and H24548). 
Pulsed irradiations were delivered by short doses (9.6 Gy) alternating with a short heat to 
220°C. Pulsing did not affect the level of saturation, but it does seem to affect the curvature 
at lower doses (Fig. 4.1, open circles). It did, however, generate a pronounced dose 
underestimation, giving an equivalent dose of 89±6 Gy, instead of the 145±7 Gy expected 
from OSL (sample H22548). 
 
4.4.5 Duration of thermal stimulation and solar bleaching 
 
The duration of the thermal stimulation during which the ITL measurement is performed 
appears to influence the degree of desensitisation (Fig. 4.7). For the modern sediment, the 
sensitivity seems unaffected only when the ITL was measured over 100 s. We obtained a 
similar result for older sediment that was laboratory bleached for 24 hours before 
delivering of the 100 Gy dose. However, if bleaching is for 1 hour, the sensitivity remains 
unchanged only if the heating is for ~25 s. 
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Figure 4.7. First/second ITL measurement measured at 310°C and for various times. A dose of 100 
Gy was administered to each sample after bleaching. Average of three Eemian shallow marine 
samples (981004; 981005; H22548; circles) and data for modern beach sample (024825; crosses). 
The shallow marine sediments were bleached either for 1 h (open circles) or 24 h (filled circles). 
Luminescence signals were integrated during 5 s, starting 5 s after the beginning of the thermal 
stimulation, subtracted by the last 20 s. 
 
Bleaching is a necessary step in a dose recovery experiment. We decided to investigate 
whether or not the length of solar bleaching (achieved with the SOL2) had an influence on 
the dose recovery measurements. It was found that one hour of exposure was sufficient to 
reduce the trapped charge concentration down to a constant level (equivalent to ~3 Gy). 
However, dose recovery measurements, performed under identical conditions, gave an 
inverse relationship with increasing length of exposure to the SOL2 (Fig. 4.8a; filled 
circles). Inserting a delay of up to 2 days between the bleaching and the start of the dose 
recovery sequence did not influence the results (Fig. 4.8b). It might be that exposure to the 
SOL2 solar simulator (combined with the heat generated under the lamp, measured to be 
53ºC) might influence the sensitivity in the first measurement. To test this, we decided to 
expose a modern sediment to the solar simulator. The dose recovery is unaffected by this 
exposure (Fig. 4.8a; open circles; measured to given dose ratio 1.07±0.02 compared with 
1.11±0.02). It appears that we can accurately measure a known dose following bleaching in 
nature, but we are unable to make the same measurement following laboratory bleaching 
with the solar simulator. This observation casts doubt on the use of SOL2 exposure as an 
analogue for natural bleaching prior to a dose recovery experiment. It might be wiser to use 
modern analogues (i.e. naturally bleached samples) in dose recovery experiments.  
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Figure 4.8. (a) A dose recovery (100 Gy) experiment was carried out on a laboratory bleached 
(filled circles) and a modern sample (open circles), with various bleaching times. (b) The aliquots 
were bleached for 1 h, but the dose recovery was performed at different times after bleaching. ITL 
obtained when held for 25 s at 310ºC. 
 
4.5. Correction: SARA 
 
Circumvention of the initial change in luminescence sensitivity following the first ITL 
measurement does not seem possible, given our present level of understanding. However, 
Buylaert et al. (2006) proposed using a SARA procedure (Mejdahl and Bøtter-Jensen, 
1994) in an attempt to overcome this obstacle. They obtained good agreement between 
ages derived from SARA-ITL and the more usual blue OSL on quartz. 
 
To test this approach for samples in this study, both SAR and SARA measurement 
sequences (using ITL) were used for two samples (981011, H22548; Murray and Funder, 
2003; Murray et al., 2007) expected to be deposited during OIS 5e and one sample 
(052202; Cunha et al., submitted) dated at 33.8±0.5 ka by U-series on tooth enamel (Table 
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4.2). SARA-ITL measurements used the same protocol as SAR-ITL, except that some 
aliquots were given a beta dose in addition to the natural dose, prior to any measurement. 
SAR measurements, for ITL held for 100 or 300 s, are in agreement with the expected 
doses. However, SARA underestimates the expected dose in all cases; expect one (981011, 
for ITL held for 100 s). These results are surprising. The only plausible explanation for 
these observations is that the luminescence response to dose in the laboratory is different 
from that during burial.  
 
Table 4.2. De values obtained by SARA and SAR, using ITL at 310ºC for the measurements, but 
      held for various time. Errors given are the standard errors calculated using the number 
     of aliquots shown (n). 
 
Sample Thermal duration (s) 
De with 
SARA (Gy) 
Recycling 
Ratio n 
De with SAR 
(Gy) 
Recycling 
Ratio n
 
        
052202 25 109±20 1.046±0.014 30 142±14 1.00±0.03 6 
Expected U-series: 300 119±21 0.95±0.02 6 165±18 0.96±0.03 3 
160±20 Gy        
        
H22548 25 102±21 0.974±0.013 24   92±6 0.976±0.016 18 
Expected (MIS 5e, OSL): 100 120±23 0.985±0.013 8 165±9 0.99±0.02 4 
145±7 Gy 300 132±14 0.950±0.017 13 148±9 0.96±0.02 6 
        
981011 100 199±19 0.984±0.004 41 224±5 1.000±0.004 18 
Expected (MIS 5e, OSL):        
191±7 Gy        
        
a) Last Lx/Tx measurement divided by the second Lx/Tx 
 
In any case, it must be recognised that SARA is an additive dose procedure. To give 
acceptable extrapolation, one must be able to increase the luminescence signal by a factor 
of 2 or 3 by adding doses on top of the natural; this cannot be done close to saturation. 
Thus a SARA approach will never be very useful in the strongly non-linear region of the 
growth curve. Unfortunately that is exactly the application that is of interest in this study. 
 
4.6 Conclusion 
 
We had originally hoped to extend the luminescence age range by applying a SAR 
approach to ITL signals. Unfortunately we have observed a significant desensitisation 
during the first measurement in most of the samples studied; this desensitisation is strongly 
sample specific, and very few samples appear to be unaffected by this phenomenon. So far, 
we are not able to explain, monitor or prevent the decrease in luminescence sensitivity that 
occurs during or after the first isothermal measurement. A SARA approach to equivalent 
dose determination should be able to compensate for this change, but the results obtained 
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are not in accordance with known ages. Perhaps more fundamentally, as the burial dose 
becomes a significant fraction of the saturation dose, the inherent limitations of an additive 
approach such as SARA are such that it probably does not help us extend the dose range 
significantly compared to OSL. 
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Abstract 
 
Eemian coastal marine sands exposed in a cliff section on the coast of southern Jutland 
(Denmark) are used to test the accuracy and precision of infrared stimulated luminescence 
(IRSL) dating using K-feldspars. This material has been used previously to test quartz 
optically stimulated luminescence (OSL) dating (Murray and Funder, 2003); a small 
systematic underestimation of <10% compared to the expected age of ~130 ka was reported. 
In this study, a single-aliquot regenerative-dose (SAR) IRSL protocol is used to determine 
values of equivalent dose (De) and the corresponding fading rates (g values). Although dose 
recovery tests are shown to give satisfactory results (mean measured/given dose ratio of 
0.968±0.009, n=59), a significant age underestimation (of up to ~35%) is observed; this is 
attributed to anomalous fading. We demonstrate that there is no significant reduction in the 
spread of the age results if aliquot- or sample-specific fading corrections are employed. Using 
a single site-average fading rate (g2days value) of 3.66±0.09%/decade to correct the optical ages 
for all our samples provides good agreement between the average fading-corrected K-feldspar 
age (120±6 ka) and the independent age control (~125-130 ka); this result is not significantly 
different from the revised quartz age (114±7 ka) also presented here. 
 
Keywords: Eemian, optical dating, IRSL, K-feldspar, anomalous fading 
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5.1 Introduction 
 
The infrared stimulated luminescence (IRSL) signal from feldspar has the potential to date 
older material than the more widely-used optically stimulated luminescence (OSL) signal from 
quartz, but it suffers from two disadvantages: (i) when exposed to daylight, the latent IRSL 
signal decreases more slowly than the optically stimulated luminescence from quartz (e.g 
Klasen et al., 2006) and (ii) the signal shows athermal fading (Aitken, 1998; Spooner, 1994). 
In contrast, the optically stimulated luminescence (OSL) signal from quartz has been found to 
provide reliable depositional ages for a wide variety of sediments (e.g. Murray and Olley, 
2002; Duller, 2004); it is known to be readily reset, to have a thermal stability of >108 years, 
and no athermal instability has been reported. However, some studies suggest that older quartz 
OSL dates have a tendency to underestimate the true depositional age (Murray and Funder, 
2003; Stokes et al., 2003; Schokker et al., 2005; Watanuki et al., 2005; Buylaert et al., 2007; 
Murray et al., 2007; Wallinga et al., 2007). It is also widely accepted that quartz cannot be 
used to derive ages much older than ~200 ka, because of saturation of the growth curve (e.g. 
Wintle and Murray, 2006). 
 
Feldspar IRSL continues to grow with dose to much higher values than quartz, and thus offers 
the possibility to date much older material than is possible with quartz. However, the IRSL 
signal suffers from a phenomenom known as anomalous fading (Aitken, 1985, Appendix F). 
The undesirable effect of this athermal fading is that it causes the IRSL (or TL) date to 
underestimate the true depositional age of the sample. Correction methods are available and 
seem to yield accurate ages for relatively young samples up to ~20-50 ka (Huntley and 
Lamothe, 2001). Before this signal can be used routinely in our laboratory, with the intention 
of being used to date beyond the quartz OSL age range, it is important to show that the derived 
ages are reliable. As a contribution to this testing, we use Eemian coastal marine sands 
exposed in a cliff section on the coast of southern Jutland (Denmark) to test the accuracy and 
precision of ages derived using the IRSL from K-feldspars. 
 
For many years, multiple aliquot methods have been used to date sediments using feldspars 
(Aitken, 1998), but the precision of this approach is limited and until recently there was no 
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widely accepted model available to correct the apparent ages for fading. The development of 
single-aliquot protocols, initially for quartz (Murray and Wintle, 2000) and later for feldspars 
(Wallinga et al., 2000a; Auclair et al., 2003; Huot and Lamothe, 2003; Blair et al., 2005) has 
made it possible to measure values of equivalent dose (De) and g (fading rate) more readily, 
and with much better precision, than before. Single-aliquot IRSL dating, using the blue(-
violet) emission band and incorporating correction for anomalous fading, has now been 
employed in several dating studies (Auclair et al., 2007; Buylaert et al., 2007; Cunha et al., in 
press; Wallinga et al., 2007). However, only a few of these studies have well-known age 
control, and so it is still difficult to be sure that this approach to dating is accurate. 
 
In this paper, a systematic study of single-aliquot IRSL dating of K-feldspars with anomalous 
fading correction is carried out on a MIS5e site with well-known independent age control 
(~125-130 ka). The IRSL characteristics of this material are first described, and single aliquot 
methods are used to determine values of both De and g. We then test whether there is any 
apparent benefit in making corrections for fading on an individual aliquot basis, or whether 
similar precision can be obtained by using sample- or site-averaged estimates of fading rate. 
Finally our preferred fading-corrected IRSL ages are compared with the known site age, and 
with published quartz ages.  
 
5.2 Site description and age control 
 
The Brunbjerg section investigated in this study is the northermost section accessible at the 
cliffs at Gammelmark, in southern Jutland (Denmark). The section is about 25 m high and 
reflects a sequence of Late Saalian and Eemian events (Fig. 5.1). Palaeoecological evidence 
provides a well-defined age control at this site and full details are discussed in Murray and 
Funder (2003) and Funder et al. (2002); here, we briefly describe the expected age range put 
forward by these authors. The freshwater sands at the bottom of the section (between log 
numbers 25 and 18) are the product of deglaciation and almost certainly were deposited very 
shortly (presumably within a few ka) before the start of the Eemian (132 ka). The overlying 
lacustrine Anodonta clay and sand represents the start of the interglacial, and at this time, 
marine inundation began as the sea level rose because of ice melt. Subsequently, sea level rose 
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rapidly, a Mytilus horizon was deposited, followed by a coarsening-upwards succession of 
about 10 m of marine sediments (Cyprina clay → Tapes sand) deposited in a short time span 
of ~132-125 ka (log numbers 17 to 4). The Tapes sand is overlain by a bed of freshwater sands 
(log numbers 2 and 3) for which the age is not certain but is most exceeds ~116 ka. The top of 
the sequence is capped by a till in which one luminescence sample was taken (981001, log 
number 1). Because of its nature and its uncertain age this sample was not used to evaluate the 
potential accuracy of our chronometer. Murray and Funder (2003) concluded that the entire 
sediment sequence, except for the upper three samples, was deposited between ~133 and 125 
ka. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. The Gammelmark section showing the principle sedimentary units and sampling locations 
(black circles) (modified from Murray and Funder, 2003). The revised quartz ages and fading-corrected 
feldspar ages are also shown.  
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In this work, we have carried out a minor revision of the quartz ages by taking into account an 
improved estimation of the cosmic ray contribution and by reducing the influence of the slow 
and medium component contributions to the fast component OSL signal. The latter was 
achieved by using a background signal derived from the OSL decay curve immediately 
following the fast component. This is based on the observations of Jain et al. (2003) and 
Singarayer and Bailey (2003) that the medium component is approximately an order of 
magnitude slower than the fast component. Thus, after 4-5 half lives of the fast component 
(i.e. 94-97% decay), the medium component will only have decayed 25-30% and the slow 
component will not have decayed significantly. The revised ages are summarised in Table 5.1 
and Fig. 5.1. The overall mean age for the entire sequence excluding the upper three samples 
(log numbers 1,2 and 3) is 120±7 ka (n=20; including systematic uncertainties) (Table 5.1); 
this is indistinguishable from 119±7 ka (n=20) reported by Murray and Funder (2003). They 
concluded that quartz OSL systematically underestimates the expected age of ~130 ka by 
~10%. 
 
5.3 Sample preparation and instrumentation 
 
Previously archived and untreated fractions of the same samples used by Murray and Funder 
(2003) were processed to extract sand-sized K-feldspar grains. The sediments were wet-sieved 
(150-250 µm) and treated with HCl and H2O2 to remove carbonates and organic material, 
except for five samples, for which there was only sufficient material in smaller grain size 
fractions (Table 5.1). A K-feldspar enriched fraction was then separated using a heavy liquid 
solution (ρ<2.58 g/cm3) and etched for 40 min with diluted HF (10%) to remove the outer 
alpha-irradiated layer from the grains. After etching, any contaminating fluorides were 
dissolved using HCl. Dry grains were mounted on stainless steel discs using silicone oil and a 
2 mm spray mask. All luminescence measurements were made with Risø TL/OSL DA-15 
readers equipped with IR diodes emitting at 875 nm and 90Sr/90Y beta sources calibrated at 
0.045 and 0.201 Gy/s using quartz (Bøtter-Jensen et al., 2003). Luminescence was detected in 
the blue-violet region through a BG39/CN7-59 filter combination. 
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5.4 Luminescence characteristics 
 
Equivalent doses were measured using a single-aliquot regenerative-dose (SAR) protocol 
(Murray and Wintle, 2000) which employed the same thermal pretreatment (250°C for 60 s) 
for the dose and test dose measurements (Huot and Lamothe, 2003; Blair et al, 2005). Aliquots 
were stimulated for 100 s at 50°C and the signals used for calculations were derived from the 
initial 1 s of stimulation time less a background based on the last 10 s. A representative SAR 
growth curve for an aliquot of sample 981004 (log number 2) is shown in Fig. 5.2a. It is clear 
from the shape of the growth curve that the natural signal is well below saturation. Several 
tests are incorporated in our measurement sequence to test the applicability of our SAR 
protocol to this material. One point on the growth curve is measured twice to test whether the 
protocol is able to correct adequately for any sensitivity changes occurring during the repeated 
cycles of irradiation, preheating and stimulation (open circle in Fig. 5.2a). The response to a 
zero Gy dose is also measured to check whether the growth curve passes through the origin 
(open square in Fig. 5.2a).  
 
A preheat plateau test was carried out with preheat temperatures varying between 200 and 
280°C; from Fig. 5.2b and c it is clear that the De value and recycling ratio (ratio of the 
corrected IRSL signals from the two repeat points) are independent from preheat temperature. 
Recuperation (corrected IRSL at zero dose, expressed as a percentage of the natural signal) 
tends to show a slight systematic increase with higher preheat temperatures but is not much 
higher than ~5% of the sensitivity corrected natural IRSL signal at any temperature. A preheat 
temperature in the middle of the plateau (250°C for 60 s) was selected for all further 
measurements. On average, the recycling ratios were very close to unity (0.978±0.003, n=110) 
and average recuperation was 5.04±0.07% (n=110). Finally, dose recovery tests were 
undertaken using 13 of the 22 samples (Wallinga et al., 2000b; Murray and Wintle, 2003). 
Fifty nine aliquots were bleached for 1hour in a Hönle Sol2 solar simulator to remove the 
natural IRSL signal and given a dose of 180 Gy, close to the natural dose in these samples 
(Table 5.1). This dose was then measured as if it were a natural dose; the results (expressed as 
the ratio of measured to given dose) are summarised in Fig. 5.2d. The mean ratio is 
0.968±0.008 (n=59; relative standard deviation 7%) within 5% of unity. We conclude that our 
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SAR protocol is able to accurately recover a known dose given in the laboratory before the 
sample has been heated. The De values measured using this protocol are summarised in Table 
5.1 and plotted against depth in Fig. 5.3a. There is no clear trend in the values of De, although 
it should be noted that the upper till sample (981001, log number 1) has a much higher De 
value than the samples below. This difference was not observed in the quartz equivalent doses 
(Murrray and Funder, 2003). 
 
 
 
Figure 5.2. (a) SAR growth curve for a single aliquot of sample 981004 (log number 2) showing a 
recycled point (open circle) and a zero dose point (open square). Preheat 250oC for 60 s for both 
regeneration and test dose. (b) Preheat plateau test (60 s preheat) for sample 981026 (log number 25), 
three aliquots were measured at each temperature and error bars represent 1 standard error; (c) 
recycling and recuperation for the same aliquots. (d) Histogram summarising the dose recovery ratios 
for thirteen samples (minimum of 3 aliquots per sample); the dashed line is drawn at unity. 
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5.5 Dosimetry 
 
The external dose rates to K-feldspar grains are the same as those to quartz grains (with minor 
corrections for grain size differences), and are taken from Murray and Funder (2003); the 
details of the measurements and discussion of the possible origin of the outliers (log numbers 
16 and 17) is given there. We have also revised the cosmic ray dose rates slightly following 
Prescott and Hutton (1994). The internal dose rate to K-feldspar grains makes up a significant 
portion (~30%) of the total dose rate, and is derived from both the structural potassium in the 
mineral and from minor amounts of internal Rb, U and Th. The contribution from internal beta 
activity from 40K is based on an effective potassium content of 12.5±0.5% (Huntley and Baril, 
1997) and the beta dose rate contribution from 87Rb is calculated assuming a Rb content of 
400±100 ppm (Huntley and Hancock, 2001).  
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Figure 5.3. (a) Equivalent dose against depth. (b) Total dose rates against depth. The dotted line 
interpolates between samples 981016 (log number 15) and 981019 (log number 18). (c) Fading-
corrected K-feldspar ages (circles) and quartz ages (squares) against depth. The open circles and 
squares for samples 16 and 17 are obtained using the interpolated dose rates from (b). The solid line 
represents a regression line through the K-feldspar ages from sample 981006 (log number 4) to sample 
981015 (log number 15). 
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A small internal alpha contribution of 0.10±0.05 Gy/ka from internal U and and Th is also 
included in our dose rates, derived from the U and Th concentration measurements made by 
Mejdahl (1987) using neutron activation analysis (NAA) on multigrain aliquots of K-feldspar 
grains from various Scandinavian sites (see Figs. 2 and 3 in Mejdahl, 1987). The 
concentrations were converted into dose rates using the conversion factors of Adamiec and 
Aitken (1998). The U and Th concentrations from Mejdahl (1987) are somewhat lower than 
those reported by Zhao and Li (2005) for Chinese samples. However, it is likely that the 
amount of U and Th is variable between K-feldspars of different provenance. Since our study 
site is located in Denmark and the samples used by Mejdahl (1987) are all from the 
Scandinavian region we have adopted these concentrations. The total dose rates are reported in 
Table 5.1 and plotted against depth in Fig. 5.3b. The total dose rate to the etched K-feldspar 
grains is, depending on the grain size, between ~0.4 and 0.8 Gy/ka (~20 and ~80%) higher 
than the total dose rate to the etched 90-150 μm quartz grains used by Murray and Funder 
(2003). 
 
5.6 Anomalous fading and corrected ages 
 
Anomalous fading is the term used to describe the unexpected loss of luminescence with time 
displayed by some minerals for which kinetic studies show that the charge should in fact 
remain trapped at the relevant defect. The most widely accepted model for anomalous fading 
is quantum mechanical tunnelling of electrons to nearby holes; as a consequence of this 
mechanism the luminescence lost is approximated by a logarithmic decay law (see e.g. Aitken, 
1985, Appendix F; Visocekas, 1985, 2002). There is increasing evidence that anomalous 
fading is a ubiquitous phenomenom in feldspars and it has been recommended that testing for 
its presence should be routine practice (e.g. Huntley and Lamothe, 2001; Balescu et al., 2001, 
2003; Wallinga et al., 2007). Because anomalous fading is approximated by a logarithmic 
decay, it is convenient to express the fading rate as the percentage of signal lost for a storage 
period of one decade of time (the g value; Aitken, 1985, Appendix F; the storage periods are 
expressed as decades relative to the laboratory irradiation period).  
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5.6.1 Measuring the fading rate 
 
The fading rate was measured using a SAR protocol which employed the same preheating 
conditions as used for De determinations. Fading measurements were carried out on seventeen 
samples and a minimum of three aliquots were used per sample. After being used for 
measuring De, aliquots were bleached for 1 hour in a Hönle SOL2 solar simulator; the SAR 
cycle was then repeated several times using a regeneration dose of 45 Gy and a test dose of 11 
Gy, but with varying storage periods after the regeneration doses. Following the suggestion 
made by Auclair et al. (2003) the aliquots were preheated immediately after irradiation. The 
different delays after administering the 45 Gy regeneration dose ranged from 0.2 hrs (prompt 
measurement) to 24 hrs (longest delay); in this way the individual g values from a set of 12 
aliquots were determined in only three days. For all the fading measurements the measurement 
chamber of the Risø reader was filled with helium instead of nitrogen gas; this improved the 
reproducibility of the preheat treatment (Huot et al., submitted). The g value, calculated using 
Equation 4 of Huntley and Lamothe (2001), was normalised to a measurement delay time of 2 
days after irradiation (Huntley and Lamothe, 2001). 
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Figure 5.4. (a) Anomalous fading data for an aliquot from sample 981025 (log number 24). The 
measured L /Tx x ratios are plotted versus the logarithm of time elapsed since the end of the irradiation 
(45 Gy). A 1 standard deviation error envelope is also shown. The same experimental conditions (filter 
set, preheat, stimulation temperature and time) were used as for De determinations. (b) Radial plot of 
all g2days values. 
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A representative example of a fading measurement on an aliquot from sample 981025 (log 
number 24) is shown in Fig. 5.4a. All the individual fading measurements (n=60) are shown as 
a radial plot in Fig. 5.4b and the weighted mean of all g2days values is 3.66±0.09 %/decade. 
Assuming that all the aliquots have the same fading rate (same provenance area of the K-
feldspar grains), the overdispersion in these data is 10±3%. The sample averaged g2days values 
are given in Table 5.1; the lowest g2days value is 2.9±0.2 %decade (sample 981015) and the 
highest 5.6±1.2 %/decade (sample 981017). 
 
5.6.2 Age correction 
 
The uncorrected feldspar ages severely underestimate (by ~30%) both the quartz ages and the 
independent age information (Table 5.1). To obtain the fading-corrected ages for our samples 
we used the correction method developed by Huntley and Lamothe (2001; their Equation A5). 
This procedure is only applicable to young samples where the natural IRSL signal lies witin 
the relatively linear part of the growth of luminescence with dose. We consider that this 
condition is sufficiently met for our samples (see Fig. 5.2a). Because of the observed 
overdispersion in the fading rate data (Fig. 5.4b) and in the uncorrected ages (not shown) the 
questions arise whether (1) individual fading rates or (2) an average fading rate should be used 
for age correction and (3) whether correction should be carried out on the individual aliquots 
or (4) on the average De for each sample. In other words, are the De and g values from each 
aliquot inversely correlated? We have addressed this using those aliquots for which values of 
both De and g were measured (54 aliquots from 15 samples; excluding the 6 aliquots from the 
outlier samples 981017 (log number 16) and 981018 (log number 17); see section 5.5). The De 
values, normalised for dose rate differences of the different samples, are plotted against their 
corresponding g2days value (Fig. 5.5a); no clear trend is visible in the data. In order to confirm 
this, we first corrected the ages from the individual aliquots using their individual fading rates, 
and then averaged the ages per sample (Fig. 5.5b). Secondly, the ages from individual aliquots 
were corrected using the fading rate averaged across all aliquots from a particular sample, and 
then the ages were averaged per sample (Fig. 5.5c). Finally, the average De value for each 
sample was calculated and the age based on this mean dose derived using the site-averaged 
fading rate (Fig. 5.5d). It is clear from Figs. 5.5b-d that all three approaches yield average ages 
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indistinguishable from one another. Therefore, for calculation of the final fading-corrected 
ages we use the site-averaged fading rate of all the aliquots  (g2days=3.66±0.09%/decade, n=60) 
and the average De per sample. The fading-corrected ages for all twenty-one accepted samples 
(excluding log numbers 1, 16 and 17) are shown in a radial plot and a histogram in Figs. 5.6a 
and b, respectively. The average age (weighted or unweighted) is 128±3 ka (n=21) with a 
standard deviation of 15 ka. 
 
5.7 Discussion 
 
From a consideration of the preheat plateau, recycling ratios and dose recovery ratios we 
conclude that our SAR-IRSL protocol is suitable for the determination of De for our samples. 
By using the same SAR protocol and by flushing the luminescence reader with helium we 
were able to determine precise (typical relative standard deviation ~18%) values of g2days for a 
large number of aliquots in an efficient manner, and show that there is no apparent benefit in 
using aliquot-specific estimates of fading at this site. 
 
The fading-corrected feldspar ages and revised quartz ages are plotted against depth in Fig. 
5.3c. The two outliers observed in the dosimetry data (Fig. 5.3b) at log numbers 16 and 17 can 
also be seen in the uncorrected and corrected feldspar ages (Table 5.1, Fig 5.3c), supporting 
the interpretation of Murray and Funder (2003) that the measured present-day dose rates of 
these samples do not accurately reflect the dose rates during the entire burial period. 
Interpolation of the dose rate between samples 981016 and 981019 (log numbers 15 and 18) 
makes both quartz ages and the bottom feldspar age more consistent with the quartz and 
feldspar age-depth trends. The fading-corrected age of the upper till sample (981001, log 
number 1) is nearly twice the quartz age and presumably reflects the greater difficulty of 
bleaching K-feldspar grains in such an environment. Both, the till sample and the two outliers 
are ignored in further discussion. 
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Figure 5.5. (a) Individual De values (normalised for dose rate differences) plotted against their 
corresponding g2days value. (b-d) Radial plots showing the corrected K-feldspar ages for 15 samples 
using only those aliquots for which g2days values were measured (see Table 5.1; excluding data from 
samples 981017 and 981018). (b) The age from each aliquot was corrected using its individual fading 
rate, then grouped by sample. (c) Every aliquot was corrected using the sample averaged fading rate, 
then the ages were grouped by sample. (d) The sample averaged De was calculated and then corrected 
using the average fading rate for all aliquots (3.66±0.09 %/decade). 
 
Fig. 5.6b shows the fading-corrected feldspar ages as a histogram with the revised quartz ages 
inset. The feldspar histogram appears to be bimodal with one mode at ~125 ka and at ~145 ka. 
The higher mode originates mainly with the ages of the bottom eight samples (Fig. 5.1, 5.3c), 
all from the meltwater sands; these are presumed to be a product of the Late Saalian 
deglaciation, and should have essentially the same age as the overlying marine transgression 
(see section 5.2 and Murray and Funder, 2003) and this is reflected in the quartz data. 
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Nevertheless, the average age for the bottom eight feldspar samples is 141±4 ka which is 
significantly older (by ~10 ka) than the expected age. Meltwater transport is a less favourable 
bleaching environment than the processes that deliver sand to shallow marine deposits. It is 
possible that the feldspar signal in these meltwater sands was not completely bleached at the 
time of deposition although the quartz was; the average quartz age of these lower 8 samples is 
130±2 ka. This is in excellent agreement with the expected age. 
 
Because of the uncertainties involved with the bleaching of the feldspar signal for the bottom 
part of the section and the uncertain age for the freshwater sand layer (log numbers 2 and 3) 
overlying the Tapes sands, we restrict further discussion of the accuracy of the corrected 
feldspar and revised quartz ages to the samples with log numbers 4 to 17 (in fact 4 to 15, 
because of the outliers). The average fading-corrected feldspar age for these samples is 120±3 
(n=11, σ=11 ka; random uncertainties only) which is not significantly different from the 
average quartz age of 114±4 ka (n=12, σ=13 ka) but in slightly better agreement with the 
expected age range (~125-132 ka). However, it is important to keep in mind that even in this 
more favourable shallow marine environment we cannot completely rule out the possibility of 
a residual unbleached component in the feldspar results. 
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Figure 5.6. Corrected K-feldspar ages shown as a radial plot (a) and a histogram (b) excluding the till 
sample 981001 (log number 1) and the two outliers 981017 and 18 (log numbers 16 and 17). The 
expected age range (133-125 ka) is also shown in (b). The inset shows a histogram of the revised 
quartz ages. 
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The standard errors on the average values given above, and on the figures and in Table 5.1 do 
not include systematic components. This additional uncertainty was discussed by Murray and 
Funder (2003) for sand-sized quartz, and the same uncertainty is present in the K-feldspar ages 
presented here. In addition, an additional systematic uncertainty associated with the internal 
40K contribution (~ 4%; Huntley and Baril, 1997) must be incorporated. Summing all the 
systematic uncertainties in quadrature gives an overall systematic uncertainty on the feldspar 
age of ~5 ka. Because the random uncertainty discussed above is relatively small, the total 
uncertainty associated with these average fading-corrected feldspar ages is also ~5 ka. 
 
5.8 Conclusions 
 
In this paper we have tested the potential of using the IRSL signal from K-feldspar grains to 
date a site of established Eemian age. The luminescence characteristics of our samples are 
satisfactory, particularly as suggested by the mean dose recovery ratio of 0.968±0.008 (n=59). 
Uncorrected K-feldspar ages severely underestimate the known age of the sediments (by up to 
35%). Even using maximum time delays of only 24 hours, useful estimates of the anomalous 
fading rates were obtained. We have shown that a site-specific overall fading rate of 
3.66±0.09%/decade (n=60) provides a satisfactory correction of the optical ages in this 
material. After correction, the overall average feldspar age for the Eemian layer that is most 
likely to be well bleached (120±5 ka) is in agreement with the expected age range of ~125-132 
ka and is not significantly different from the revised quartz result (114±7 ka).  
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Abstract 
 
The applicability of two different approaches in the luminescence dating of old (>70 ka) 
Chinese loess is investigated. Both SAR-OSL ages obtained on 63-90 µm quartz grains 
and SAR-IRSL ages obtained on 4-11 µm polymineral grains, for samples collected from 
two sites in the Chinese Loess Plateau (Luochuan and Dongchuan) are presented. The 
characteristics of the luminescence signals stimulated by blue and infrared light are 
investigated in terms of dose response and dose recovery, and as a function of age. 
Additionally, anomalous fading measurements from the 410 nm IRSL emission in 
polymineral fine-grains are reported. An average value of g2days amounting to ~3% per 
decade was measured and seems to be independent of site location and age. For the 
samples from Luochuan, independent age control (pedostratigraphy and palaeomagnetism) 
is available. At both sites, the SAR-OSL ages are always lower than the SAR-IRSL ages 
after they have been corrected for anomalous fading. It seems that the quartz-based SAR-
OSL ages are accurate for the younger ages, but that they underestimate the true age of 
deposition for loess that was deposited about 60-70 ka ago. The fading-corrected SAR-
IRSL ages are in better agreement with the pedostratigraphic age control (~75 ka and ~130 
ka) and allow dating beyond the quartz OSL range. Based on our results, we suggest that 
conventional SAR-OSL and SAR-IRSL protocols at these sites should be restricted to 
samples of ages not exceeding ~40-50 ka and ~100-120 ka respectively. 
 
Keywords: old Chinese loess, optical dating, Luochuan, anomalous fading, OSL, IRSL 
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6.1 Introduction 
 
The present study forms part of a larger project that aims to obtain a precise and accurate 
luminescence-based chronology for sediment-accumulation in the western part of the 
Chinese Loess Plateau (CLP). Until now, most luminescence dates on Chinese loess have 
been obtained by applying multiple-aliquot thermoluminescence (TL) and/or infrared-
stimulated luminescence (IRSL) protocols to polymineral fine-grains (e.g. Forman, 1991; 
Frechen, 1999; see also the review by Singhvi et al., 2001). However, single-aliquot 
techniques offer many advantages (Aitken, 1998) and especially the single-aliquot 
regenerative-dose (SAR) procedure applied to quartz has proven its reliability for dating 
sediments from a wide variety of sedimentary environments and age (Murray and Olley, 
2002). Single-aliquot protocols have been used only in a few studies dealing with the 
luminescence dating of Chinese loess (Roberts and Wintle, 2001; Stokes et al., 2003; 
Watanuki et al., 2003; Küster et al., 2006). In these studies, the blue-light stimulated signal 
from quartz, or at least the quartz-dominated post-IR blue-light stimulated signal, 
measured with SAR, was found to yield the best results, although no independent age 
control was available to confirm the accuracy of the optical ages.  
 
It therefore seemed appropriate to apply this quartz SAR-OSL approach to our samples of 
the western CLP. We carried out an extensive SAR-OSL dating study of three younger 
sites of the western CLP (Buylaert et al., in press). The age results were stratigraphically 
consistent up to 75 ka but showed a serious discrepancy with the age model based on 
particle size variation by Vandenberghe et al. (1997). Compared to the model ages, the 
optical ages were too young by ~50% at 70 ka. This raised our concern about the accuracy 
of the SAR-OSL ages beyond 70 ka and so we decided to test the method on older (>70 ka) 
samples from the CLP, including a site where independent age control is available. We 
also investigate whether a SAR-protocol applied to polymineral fine-grains using the 410 
nm IRSL emission provides an alternative approach. 
 
6.2 Sampling sites 
  
The samples were collected from loess sections at two different sites: Dongchuan, located 
in the most western part of the CLP, and Luochuan, situated in the central-east (Fig. 6.1). 
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The Luochuan site can be considered as a ‘type locality’ for the loess-palaeosol 
successions in the CLP (e.g. Kukla, 1987; Kukla and An, 1989). For the Dongchuan site, 
no independent age information is available; five samples were collected from this section 
over a depth of about 30 m. The two loess sections are schematically outlined in Fig. 6.2; 
the loess-palaeosol units of the Luochuan site have been labeled according to the Chinese 
loess stratigraphy nomenclature. The L-numbers denominate loess units and the S-numbers 
refer to the intercalated palaeosols. The Holocene soil is S0, the last glacial loess L1, the 
last interglacial soil S1, and so on. In their overview of TL-ages, Rousseau and Kukla 
(2000) placed the S1/L1 boundary at ~70-75 ka. This is in agreement with the geological 
interpretation that this boundary is closely corresponding to and coeval with the Oxygen 
Isotope Stage (OIS) 5/4 transition, dated at 73.9 ka by Martinson et al. (1987) and at 70-75 
ka by Kukla and Briskin (1983). The L2/S1 boundary is more difficult to constrain in time; 
we can only attribute a lower age limit of ~130 ka to loess from below the S1 soil. 
 
 
 
Figure 6.1. Map showing the Chinese Loess Plateau and location of the sampling sites: Luochuan 
(35.75°N, 109.42°E) and Dongchuan (37.2°N, 101.8°E).  
 
 
Four samples were collected at Luochuan. The first three were taken above (A13), within 
(A16) and below (A19) the well-developed so-called “S1 soil” which is presumed to have 
formed during OIS5. The fourth sample (A42) was collected from the L9 layer, which has 
been correlated to OIS22 (Kukla, 1987). This sample has an expected age of ~900 ka 
according to the age model based on the particle size variations of Vandenberghe et al. 
(1997). The overlying loess unit L8 (not presented) contains the Brunhes-Matuyama 
boundary dated at ~730 ka (Kukla and An, 1989). 
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Figure 6.2. Schematic and simplified representation of the sampled sections, showing the main 
loess (L) and palaeosol (S) units, and the location of the OSL samples. The independent age 
information for the Luochuan site (pedostratigraphy and palaeomagnetism) is also indicated.  
 
6.3 Sample preparation and instrumentation 
 
The samples were taken by hammering steel tubes into freshly cleaned loess profiles. 
Coarse (63-90 µm) quartz grains and polymineral fine (4-11µm) grains were extracted 
from the inner material of the tubes using conventional sample preparation techniques (e.g. 
Lang et al., 1996; Frechen et al., 1996). All luminescence measurements were carried out 
using a Risø TL/OSL-DA-15 system equipped with blue LEDs emitting at 470±30 nm and 
IR-LEDs emitting at 875 nm (Bøtter-Jensen et al., 2003). The quartz OSL signal was 
detected through a 7.5 mm Hoya filter (UV), and the IRSL signal from the polymineral 
fine-grains was detected through a BG39/CN7-59/GG400 filter set (410 nm). The purity of 
the quartz aliquots was checked using their infrared-stimulated luminescence response 
(IRSL) at 30°C to a large regenerative β-dose. For all samples, the observed regenerated 
IRSL signals were less than ~1% of the corresponding blue-light stimulated signals.  
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6.4 Dosimetry 
 
Radionuclide concentrations were derived from high-resolution gamma-spectrometry on 
sediment collected from the immediate surroundings of the samples for luminescence 
analysis. This material was oven-dried at 110°C, homogenised and pulverised through 
agate-ball mixing. Samples were then sealed and stored for one month before being 
measured on top of a high purity Ge-detector for at least 48 hours. More details of the 
methods used can be found in Vandenberghe (2004). The dosimetric information for all 
samples is summarised in Table 6.1. 
  
6.5 Luminescence characteristics 
 
6.5.1 Equivalent dose (De) measurements  
 
Equivalent dose determinations for the sand-sized quartz grains were carried out using the 
SAR protocol described by Murray and Wintle (2000). A preheat of 260°C for 10 s, a cut-
heat to 200°C and a test dose of 12 Gy was used for all analyses. Stimulation with blue 
LEDs was for 40 s at 125°C. The luminescence signals used for De determination were 
calculated from the initial 0.8 s of the decay curve with a background subtracted from the 
last 3.8 s.  
 
A representative sensitivity-corrected growth curve is shown for the oldest sample A42 in 
Fig. 6.3a. This sample shows no real onset of saturation even at doses as high as 500 Gy 
and the sensitivity-corrected natural OSL signal can be easily interpolated on the growth 
curve. In general, all samples behaved well, as indicated in Table 6.2 by recycling ratios 
being close to unity and recuperation of less than 2% of the corrected natural OSL.  
 
A comparison of the average growth curves for three samples from the Luochuan site is 
shown in Fig. 6.3b. At low regeneration doses, the dose response curves are quite similar 
for the three samples. From doses of about 50 Gy onwards, the pattern of growth starts to 
change significantly and the value for the average characteristic dose (D0) derived from 
these curves appears to increase with burial depth. This behaviour was not expected since 
it is reasonable to assume that the quartz grains originate from the same source area 
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(northwestern deserts), and thus should display similar luminescence characteristics. 
Although our dataset is limited, our observations suggest that a ‘universal’ or standardised 
growth curve (Roberts and Duller, 2004) for CLP quartz De determination may have 
limited application (in our case <~50 Gy). Lai (2006) reports similar observations from 4 
different locations across the CLP. 
 
Figure 6.3. Summary of quartz-OSL and polymineral fine-grain IRSL characteristics of the 
Luochuan site. (a) Sensitivity-corrected SAR-OSL growth curve for an aliquot of 63-90 µm quartz 
extracted from sample A42. The recycled and recuperation points are shown as an open circle and 
open triangle respectively. (b) Comparison between the average quartz SAR-OSL growth curves 
obtained for samples A16, A19 and A42. The corrected OSL responses (Li/Ti) have been 
normalised to the first regenerative dose at 40 Gy. Each growth curve represents the average of 12 
measurements; the error bars represent 1 standard error. For sample A13, not enough quartz was 
left to carry out these experiments. (c) Comparison between a SAR-IRSL growth curve for 
polymineral fine-grains (filled triangles) and a SAR-OSL growth curve for 63-90 µm quartz (filled 
circles) of sample A16. The inset shows the same data on a logarithmic scale, illustrating more 
clearly the difference in growth and useful dose range for De determination. The recycled points are 
shown as an open triangle (IRSL) and an open circle (OSL).  
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Table 6.1. Summary of radionuclide concentrations, individual dose rate components and 
calculated dose rates to 63-90 µm quartz (Q) and 4-11 µm polymineral fine-grains (PFG). Annual 
doses were calculated from the present-day radionuclide activities using the conversion factors of 
Adamiec and Aitken (1998). The total dose rates include a small contribution from cosmic 
radiation (maximum ~3% of the total dose rate), which was evaluated following Prescott and 
Hutton (1994). The dose rates have been corrected for the effect of moisture, assuming an average 
water content of 15±4% for all samples. For the polymineral fine-grains, an a-value of 0.08 was 
used to allow for the lower efficiency of alpha radiation in inducing luminescence. The individual 
alpha, beta and gamma dose rate components refer to those received by polymineral fine-grains. 
For the calculation of the beta dose rate to 63-90 µm quartz grains, a beta attenuation factor of 0.94 
was adopted, based on the calculations by Mejdahl (1979). Uncertainties represent 1σ. 
 
In a second set of experiments, we applied a different SAR protocol to polymineral fine-
grains, using the 410 nm IRSL emission. The aliquots were stimulated at 40°C by infrared 
LEDs for 300 s (at 60% power). Heat treatments applied to the regenerative doses and test 
doses (13.4 Gy) were identical (250°C for 1 min; Auclair et al., 2003; Huot and Lamothe, 
2003) and an elevated-temperature infrared-bleach (40 s at 290°C) was inserted at the end 
of each SAR cycle. Applying the same heat treatment to both dose and test dose enhances 
the reproducibility of the luminescence measurements (Blair et al., 2005). The use of an 
elevated-temperature infrared-bleach resulted in an improved reproducibility of the 
measurement, possibly due to a reduced contribution from the “slow component” in the 
feldspar signal used for dating. The net signal was evaluated from the initial 2.4 s of the 
decay curve with a subtraction of the background registered during the last 28.8 s of 
stimulation. A representative SAR-IRSL growth curve is shown for sample A16 in Fig. 
6.3c. A typical quartz SAR-OSL growth curve for this sample is also shown, illustrating 
the increase in useful dose range for De determination when using an IRSL signal. All 
samples seem to behave well in the SAR-IRSL protocol with recycling ratios close to unity 
and recuperation values below 1% of the corrected natural IRSL. The relevant analytical 
data and the results of the De determinations for the coarse quartz grains and polymineral 
Sample Depth (m) 
238U 
(Bq/kg) 
226Ra 
(Bq/kg) 
232Th 
(Bq/kg) 
40K 
(Bq/kg)
Alpha 
(Gy/ka) 
Beta 
(Gy/ka) 
Gamma 
(Gy/ka) 
Dose rate to  
63-90µm Q 
(Gy/ka) 
Dose rate to 
4-11µm PFG
(Gy/ka) 
Dongchuan           
DC790 7.90 31.9 ± 3.3 34.6 ± 1.0 48.1 ± 0.7 563 ± 7 0.868 ± 0.011 1.88 ± 0.02 1.306 ± 0.013 3.14 ± 0.12 4.05 ± 0.17 
DC1705 17.50 32.8 ± 3.1 35.0 ± 0.6 47.2 ± 0.7 568 ± 6 0.848 ± 0.011 1.87 ± 0.02 1.217 ± 0.011 3.05 ± 0.12 3.94 ± 0.17 
DC2145 21.45 31.4 ± 2.1 40.2 ± 3.1 47.9 ± 0.7 589 ± 6 0.835 ± 0.011 1.91 ± 0.02 1.198 ± 0.011 3.06 ± 0.13 3.94 ± 0.17 
DC2700 27.00 39.1 ± 4.9 35.9 ± 1.1 49.4 ± 0.9 560 ± 7 0.893 ± 0.011 1.89 ± 0.02 1.213 ± 0.011 3.05 ± 0.13 3.99 ± 0.17 
DC3095 30.95 31.7 ± 3.1 34.8 ± 0.8 46.3 ± 0.8 576 ± 6 0.841 ± 0.011 1.89 ± 0.02 1.169 ± 0.010 3.01 ± 0.12 3.90 ± 0.17 
           
Luochuan            
A13 8.40 20.3 ± 2.5 46.3 ± 3.5 48.5 ± 0.6 596 ± 7 0.767 ± 0.010 1.84 ± 0.02 1.204 ± 0.012 3.00 ± 0.12 3.81 ± 0.16 
A16 10.50 27.1 ± 3.9 48.0 ± 3.4 58.7 ± 0.8 671 ± 9 0.895 ± 0.011  2.10 ± 0.02 1.344 ± 0.012 3.38 ± 0.14 4.34 ± 0.18 
A19 13.50 28.5 ± 1.9 31.5 ± 0.8 44.0 ± 0.5 532 ± 8 0.777 ± 0.010 1.74 ± 0.02 1.123 ± 0.010 2.82 ± 0.12  3.64 ± 0.15 
A42 ~ 61 26.8 ± 1.7 31.2 ± 0.8 43.4 ± 0.5 538 ± 4 0.783 ± 0.010  1.76 ± 0.02 1.08 ± 0.02 2.80 ± 0.12 3.62 ± 0.16 
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fine-grains using the SAR-OSL and SAR-IRSL protocols respectively, are summarised in 
Table 6.2.  
 
6.5.2 Dose recovery tests 
 
To test the performance of the SAR-OSL and SAR-IRSL protocols, dose recovery tests 
were carried out as described by Murray and Wintle (2003). In the case of quartz, the 
natural OSL signal was removed using two blue LED stimulations for 40 s at room 
temperature, separated by a 10 ks pause to allow for thermal decay of any phototransferred 
charge to the 110°C TL trap. For the polymineral fine-grains, optical bleaching was done 
in a Hönle SOL2 solar simulator for 1 hour. Following the bleaching, the aliquots were 
given a β-dose of ~60 Gy and this dose was then measured using the same SAR protocol as 
that used for determining the natural dose.  
 
The results of the dose recovery tests are summarised in Table 6.2. For the Dongchuan site, 
the best SAR-OSL dose recovery results were obtained for the upper sample (DC790: 
0.97±0.04). With increasing sample depth, measured doses increasingly overestimate the 
given dose (DC3095: 1.29±0.04). This trend can also be observed in the results of the 
Luochuan samples (A13: 0.92±0.04 and A42: 1.135±0.011). The measured to given dose 
ratios obtained with the SAR-IRSL protocol are indistinguishable from unity for all the 
Dongchuan samples (ratio: 0.993±0.013; n=30). On average, for the Luochuan samples, 
measured doses may slightly overestimate the given dose (ratio: 1.08±0.02; n=20). The 
quartz recycling ratios shown in Table 6.2 are all close to or indistinguishable from unity. 
However Murray and Wintle (2000) point out that the recycling ratio only tests whether 
sensitivity changes following laboratory measurement have been accurately corrected for. 
It would appear in these quartz samples there has been a change in sensitivity before or 
during measurement of the ‘natural’ signal.  
 
6.5.3 Anomalous fading measurements 
 
Anomalous fading is considered to be the most probable cause of age underestimation 
when using feldspars for luminescence dating. In this study, we carried out anomalous 
fading tests on our samples following the procedure proposed by Auclair et al. (2003). A 
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SAR protocol was used to measure fading rates on individual aliquots; these rates are 
expressed in terms of the percentage decrease of intensity per decade of time, known as the 
g value (Aitken, 1985, Appendix F). After De determination, aliquots were bleached for 
one hour in the Hönle SOL2 solar simulator. Subsequently, these aliquots were put through 
repeated cycles of measuring the response to a regenerative dose of 89 Gy (Li) and a test 
dose of 13.4 Gy (Ti). For the prompt measurements, the Li/Ti ratios were measured 
immediately after irradiation and preheating, whereas for the delayed measurements the 
aliquots were stored at room temperature for different lengths of time after irradiation (89 
Gy) and preheating. The value of g, normalised to a measurement time of 2 days after 
irradiation, was evaluated using equation 4 of Huntley and Lamothe (2001).  
0.1 10 1000
3.4
3.8
4.2
DC 1705
Delay (h)
Li
 / 
Ti
g2day s = 2.6 ± 0.6 %/decade
 
Figure 6.4. Anomalous fading data for an aliquot from sample DC1705. The measured Li/Ti ratios 
are plotted versus the logarithm of time elapsed since the end of the irradiation (89 Gy). A 
systematic uncertainty of 1.5% was taken into account for the calculation of the individual Li/Ti 
ratios. An error envelope (1σ) is also displayed. The same experimental conditions (filter set, 
preheating, stimulation temperature and time) were used as for the De determinations (see section 
6.5.1). 
 
Fig. 6.4 shows anomalous fading measurements for a representative aliquot of sample 
DC1705; these data give a value of g2days of 2.6±0.6% per decade. Anomalous fading was 
observed in every aliquot examined and mean values of g2days are summarised in Table 6.2. 
These results suggest that there is no difference in fading rate between samples from 
different sites and depth. The overall average value of g2days for our samples is 3.10±0.13% 
per decade. 
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6.6 Luminescence ages and discussion 
 
The presence of anomalous fading in the blue-violet emission of our samples indicates that 
our SAR-IRSL results will underestimate the true age of deposition. Therefore, we applied 
equation A5 of Huntley and Lamothe (2001) to correct the ages using the measured 
average fading rate. The SAR-OSL ages and SAR-IRSL ages (uncorrected and corrected) 
are summarised in Table 6.2. For the sake of visualisation, the results are also plotted 
against depth in Fig. 6.5. For both sites, the fading corrected SAR-IRSL ages are always 
greater than the SAR-OSL ages.  
 
The ages for Dongchuan show a limited increase with depth. However, this site is very 
close to the source area and thus a high sedimentation rate is possible. The fading-
corrected SAR-IRSL ages suggest two periods of deposition around ~150 ka and ~210 ka. 
The SAR-OSL ages from Dongchuan also show two groups of ages but they are 
significantly younger than those from feldspar. The lack of an independent age control at 
this site prevents conclusions about the accuracy of these optical ages. 
 
We can discuss the accuracy of the optical ages from the Luochuan site, because we have 
pedostratigraphic (OIS5) and palaeomagnetic (B/M boundary) age control at this location. 
At this site both the SAR-IRSL and SAR-OSL ages show a more clearly defined increase 
with depth, but the SAR-OSL ages for the samples in and below the OIS5 soil are younger 
than expected from the pedostratigraphy (Fig. 6.5). For sample A19, taken below the OIS5 
soil, we obtain a SAR-OSL age of 81±7 ka, whereas the expected age is >130 ka. However 
the corrected SAR-IRSL age of 126±11 ka is consistent with this estimate. Sample A16 
yields a SAR-OSL age of 52±4 ka, and a fading corrected SAR-IRSL age of 70±5 ka. 
Again, the latter is in better agreement with the assumption that the soil was formed during 
OIS5. Sample A13, taken in last glacial loess (L1) just above the OIS5 soil, yields an SAR-
OSL age of 48±5 ka and a corrected SAR-IRSL age of 66±5 ka, the latter being in better 
agreement with the OIS5/4 transition, dated at ~70-75 ka (Martinson et al., 1987; Kukla 
and Briskin, 1983). Unfortunately sample A42 with an expected age of ~900 ka yields a 
SAR-OSL age of 112±7 ka and a corrected SAR-IRSL age of only 301±30 ka. 
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Figure 6.5. SAR-OSL and SAR-IRSL (fading corrected and uncorrected) dating results for coarse-
quartz grains and polymineral fine-grains, respectively, plotted against depth for the Luochuan and 
the Dongchuan sites. The position of the last interglacial soil (S1) in the Luochuan section is 
indicated by the solid horizontal lines. The vertical dashed lines at 75 ka for the upper (S1/L1) and 
at 130 ka for the lower (L2/S1) boundary of the OIS5 soil represent the independent age 
information.  
 
It is clear that the SAR-OSL ages obtained for quartz are underestimates of the true 
sedimentation age. Interestingly, the luminescence characteristics of the quartz for some 
samples (e.g. A19, A42) do not suggest that they lead to minimum ages. As pointed out 
earlier, the signal continues to grow even at doses as high as 500 Gy (see e.g. Fig. 6.3a for 
sample A42). Watanuki et al. (2003) obtained SAR-OSL growth curves for fine-grained 
quartz extracted from Chinese loess samples (Zhengjiang site) and report that doses up to 
500 Gy (~125 ka) can be measured. However, from about 90 ka onwards, their age results 
show little increase with depth, which they interpret as a surprisingly rapid deposition rate. 
From the observations made in this work, we suggest it is possible their results 
underestimate the true age of deposition. It is worth pointing out here that our results from 
the dose recovery tests for the quartz from Luochuan would normally be considered 
acceptable. 
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The fading-corrected SAR-IRSL ages are in better agreement with the independent age 
control, at least for samples taken in and around the S1 soil. It is important to note that, due 
to model limitations, the corrected SAR-IRSL ages have to be considered as minimum 
ages (the correction method is only strictly valid within the “linear part” of the growth 
curve; Huntley and Lamothe, 2001). Although the assessment of anomalous fading rates is 
not trivial, we are of the view that such measurements should be routine when dealing with 
feldspars. However, we could find only a few dating studies in the recent literature in 
which measurements for anomalous fading were undertaken and appropriately 
documented. As far as Chinese loess is concerned, we are only aware of the study by 
Watanuki et al. (2003) and Wang et al. (2006). They found that the UV emission of the 
IRSL signals from polymineral fine-grains fades. In a recent study of Holocene loess from 
the Qilian Shan (north-west of the CLP), Küster et al. (2006) detected IRSL signals in the 
blue-violet emission band (410 nm). They obtained both SAR and single-aliquot additive-
dose (SAAD) IRSL ages for polymineral fine-grains which significantly underestimated 
the SAR-OSL ages for coarse-grained quartz. However, they obtained good agreement 
between multiple-aliquot additive-dose (MAAD) IRSL ages from polymineral fine-grains 
and SAR-OSL ages from coarse-grained quartz. They attributed the age underestimation 
by SAR-IRSL and SAAD-IRSL to the occurrence of a special type of feldspar and their 
single-aliquot protocols. However, they did not report tests for the presence of anomalous 
fading, and had no independent age control to test the accuracy of their quartz optical ages. 
Based on our experience, we suggest that robust and sensitive laboratory measurements for 
anomalous fading should be carried out in any dating study relying on feldspars.  
 
6.7 Conclusions 
 
We conclude that, when compared to independent age control, the SAR-OSL ages 
underestimate the sedimentation age at least for samples older than 70 ka in our samples 
from the Chinese Loess Plateau. Severe age underestimations can be obtained, despite 
acceptable quartz luminescence characteristics (in terms of growth with dose, and the 
ability to recover a known dose administered prior to preheating). We have shown that the 
410 nm IRSL signal in our samples suffers from anomalous fading and that this appears to 
be independent of site location and deposition age. An average g2days value of 3.10±0.13% 
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per decade was measured. In the ~70 to ~130 ka age range, the SAR-IRSL ages are, after 
allowance has been made for anomalous fading, in good agreement with the expected ages. 
  
Our results suggest restricting the use of quartz from Chinese loess samples to the period 
from about OIS4 until present, and preferably to samples younger than 40-50 ka. The 
SAR-IRSL protocol applied to polymineral fine grains seems to allow dating beyond the 
quartz OSL range, and possibly of the entire last interglacial-glacial cycle, but only after 
correction for anomalous fading. We thus stress the importance of routinely testing for 
anomalous fading and of carrying out dose recovery tests to evaluate the suitability of the 
chosen De determination procedures. We conclude from our observations that new 
approaches in luminescence dating are required to obtain reliable absolute ages for old 
Chinese loess.  
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Luminescence dating is a geochronological tool used increasingly in Quaternary research 
to determine the depositional age of sediments. The technique determines when a sediment 
was last exposed to sunlight and is widely applicable because it makes use of the 
constituent mineral grains (usually quartz or feldspar) of the sediment itself and is free of 
any calibration procedure. The method yields ages directly in calendar years and has a 
wide dynamic range; depending on the conditions accurate and precise (5-10%) ages from 
a few years to several hundred thousands of years can be obtained. In principle, a 
luminescence age involves the determination of (1) the total dose absorbed by the mineral 
grains since it was last exposed to sunlight, usually called the equivalent dose (De, 
expressed in Gy), and (2) the rate of energy absorption from ionising radiation during 
burial, called the dose rate (Gy/ka). Unfortunately, a universally applicable luminescence 
dating procedure to determine the De does not yet exist and the suitability of a specific 
approach needs to be tested for every new sediment type and provenance. 
 
The overall aim of this thesis was to investigate the usefulness of luminescence dating as a 
tool to establish reliable absolute chronologies for those sediments which provide a record 
of the earth’s climate, especially during cold and dry periods. This research focused on the 
sandy infill of frost wedge structures in Flanders and on loess from China. In the first part 
of this thesis quartz-based optical dating was used to establish an absolute chronology for 
these two sediment types. However, it soon became clear that other approaches are needed 
to date older loess samples. This was the research topic of the second part of this thesis; 
this focused on testing the ability of two alternative luminescence techniques to date loess 
samples beyond the quartz optical dating range. 
 
 (i) Quartz optical dating of aeolian sediments – Part I 
 
Over the past few years, extensive experience has been gained in the Luminescence Dating 
Laboratory at Ghent University using quartz optically stimulated luminescence (OSL) to 
date coversands in the southern Netherlands. In this thesis, this was taken a step further by 
investigating the potential of applying a similar approach to dating the sandy infills of 
relict sand wedges and composite-wedge pseudomorphs in Flanders (Belgium) (Chapter 
1). A total of five sites in two geomorphological settings were visited: the Waasland 
plateau (Sint-Niklaas, Belsele and Vrasene sites) and the Central West Flanders plateau 
Summary and conclusions 
190 
(Ruddervoorde and Aalter sites). Only those wedges that showed evidence of having been, 
either exclusively or to a very large degree, filled with sand (primary aeolian infill) were 
selected for optical dating. Extensive laboratory tests showed that the single aliquot dating 
protocol used here is robust when applied to large (multigrain) aliquots of sand-sized 
quartz grains and the overall luminescence characteristics of the samples are satisfactory 
(e.g. good dose recovery test). Two samples were also analysed at the single-grain level 
and the resulting dose distributions confirmed that the sandy infill was almost certainly 
well-bleached at deposition. In total, fourteen wedges were dated and these optical ages 
represent the first absolute age determinations for coversand deposition in Flanders. It was 
concluded that thermal contraction cracking and infilling with aeolian sediment appears to 
have been commonplace in Flanders during the Late Pleniglacial (MIS 2); more 
specifically during the Last Glacial Maximum (LGM, ~23-18 ka) and the transition period 
between the LGM and the start of the Late Glacial (~14 ka). This study also revealed the 
presence of two significantly older wedge levels, with a younger (MIS 3) wedge inset into 
an older (MIS 6) wedge; this clearly illustrates the often complex lithostratigraphy of 
periglacial sediments in the Belgium lowland and highlights the risks of misinterpretations 
of past periglacial processes in the absence of an absolute chronology. This research has 
shown that quartz OSL dating of frost wedges with a primary aeolian infill provides 
valuable new information to aid the reconstruction of periglacial environments in the Low 
Countries. 
 
The next step in this thesis involved the application of quartz OSL dating to Chinese loess 
(Chapter 2). Three sites (Zhongjiacai, Le Du and Tuxiangdao) in the western part of the 
Chinese Loess Plateau were sampled at a relatively high resolution (~1 sample/m). This 
study is one of the first to apply quartz OSL dating to the very fine sandy fraction extracted 
from Chinese loess. The suitability of the single aliquot measurement protocol used here 
was again confirmed by extensive laboratory tests (e.g. preheat plateau and dose recovery 
tests). It was also demonstrated that an infrared stimulated luminescence (IRSL) signal 
contamination of about 10% of the blue-light stimulated luminescence (BLSL) signal does 
not lead to a significant decrease in the equivalent dose (De) for these samples. In total, 
sixty-two optical dates were obtained ranging from ~12 to ~75 ka. At the Tuxiangdao and 
Le Du sites, separate overlapping sections were used to test the spatial reproducibility of 
the employed method; it was shown that stratigraphically connected samples yield 
indistinguishable optical ages. The age-depth patterns at all three sites revealed that loess 
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accumulation in the western part of the CLP had an episodic character and large variations 
in sedimentation rate within and between sites have occurred. Moreover, a convincing 
sedimentary hiatus between ~20 and ~30 ka was identified at the Tuxiangdao site; this was 
undetected in previous proxy-record and dating studies and clearly illustrates the 
importance of high-resolution absolute dating studies for palaeoclimatic research on 
Chinese loess. Unfortunately, due to the relatively high dose rates (~3 Gy/ka) of this 
material, it would appear that the quartz OSL age range is rather limited, probably up to 
only ~40-50 ka (~120-150 Gy). Another method was thus needed to date older loess 
succesfully. 
 
(ii) Investigations to extend the age range of the luminescence dating 
method – Part II 
 
Two other approaches to luminescence dating, one based on quartz and the other on 
feldspar, were tested to investigate their potential to extend the age range of the 
luminescence dating of (Chinese) loess.  
 
In Chapter 3, the reliability of a different single aliquot protocol was tested; this used 
isothermal thermoluminescence (ITL) signals from quartz. Despite the fact that the shape 
of the growth curve suggests that much higher doses could be measured than with OSL, it 
seems that the De values obtained with ITL are overestimates. The protocol employed also 
failed the dose recovery test, overestimating the dose given prior to any heating; this was 
explained by a sensitivity change which occurred when the first heat treatment was applied 
to measure the natural signal. It was shown that one way to circumvent this sensitivity 
change is to use a multiple aliquot approach (the single aliquot regeneration and added 
(SARA) dose procedure) in which doses are given prior to the measurement of the ITL 
signal. However, because of the need to add laboratory doses on top of the natural dose, 
SARA can only be used for samples for which the natural dose is small compared to the 
saturation limit of growth curve. Furthermore, the method is timeconsuming and because it 
is a multiple aliquot added dose procedure the method is also inherently limited in its 
precision. Finally, from this work it became clear that one should always carry out a dose 
recovery test when (isothermal) thermoluminescence signals are used for dating.  
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The origins and the dosimetric characteristics of the ITL signal were investigated into more 
detail for quartz extracted from several other sediments in Chapter 4. From this work, it 
was concluded that some initial sensitivity change is common in quartz, and that the ITL 
approach using single aliquots is not a reliable approach for the routine dating of sediments. 
However, there is evidence in the literature that for certain samples for which this initial 
sensitivity change is non-existent or negligible, it is potentially a useful approach to date 
older sediments. 
 
It is well-known that IRSL of feldspars grows with dose to much higher values than the 
OSL of quartz, and thus offers the possibility of dating much older material than is possible 
with quartz OSL. However, the IRSL signal suffers from a malign phenomenom known as 
anomalous fading. This athermal loss of signal with time causes the luminescence age to 
underestimate the true depositional age of the sample. More recently, methods have been 
proposed to correct such ages, using a fading rate measured in the laboratory. This 
approach, combined with a recently developed single aliquot protocol for feldspars, was 
first tested in Chapter 5, and then applied to Chinese loess in Chapter 6.  
 
In Chapter 5 an Eemian coastal marine deposit, exposed in a cliff on the coast of southern 
Jutland (Denmark), with well-known independent age control (~125-130 ka) was used to 
test the accuracy and precision of IRSL dating using sand-sized K-feldspar grains. The 
luminescence characteristics were shown to be satisfactory (e.g. no dependency of De with 
preheat temperature and a good dose recovery test). However, the uncorrected feldspar 
ages severely underestimated (by ~30%) both the quartz ages (obtained in an earlier study 
at this site) and the independent age control. Using individual aliquots of different samples, 
the presence of an inverse correlation between De and the fading rate measured on the 
same aliquot was tested for. It was demonstrated that there is no significant reduction in the 
dispersion of the fading-corrected age results if aliquot- or sample-specific fading rates are 
employed. Using a site-averaged fading rate (g value = 3.66±0.09%/decade) to correct the 
optical ages of all samples provided good agreement between the average fading-corrected 
K-feldspar age (120±3 ka random uncertainty; ±6 ka total) and the independent age control 
(~125-130 ka); this result is not considered significantly different from the quartz age 
(114±4 ka; ±7 ka total). Assuming that the K-feldspar grains are well-bleached at 
deposition it is concluded that these fading-corrected IRSL ages are accurate in this age 
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range and, based on the shape of the growth curve, IRSL has the potential to date beyond 
the Eemian and the quartz OSL range in such sandy sediments. 
 
Because of these encouraging results on a known-age site, it was decided to apply IRSL 
dating with anomalous fading correction to old (> ~70 ka) Chinese loess samples from two 
sites (Luochuan and Dongchuan) for which quartz OSL was thought to be inappropriate 
(see higher) (Chapter 6). Because of the aeolian origin of loess, incomplete bleaching of 
the IRSL signal is considered unimportant for these samples. At the well-known Luochuan 
site in the central part of the Chinese Loess Plateau some independent age control 
(pedostratigraphy and palaeomagnetism) was available. The luminescence characteristics 
of the IRSL signal from polymineral fine-grains and the OSL signal from 63-90 µm quartz 
grains was investigated in terms of dose response and dose recovery, and as a function of 
age. As was expected, the dose response curve of the IRSL signal gave a much greater 
useful dose range than that derived from OSL signals. For the single aliquot IRSL protocol 
used here, the luminescence behaviour of these samples was shown to be satisfactory 
(good recycling ratios, low recuperation, good dose recovery). Despite similarly good 
recyling ratios and low recuperation, the behaviour of quartz OSL in the employed single 
aliquot protocol was less satisfactory. Although this dataset is rather limited, the following 
behaviour was observed: (1) the use of a standardised growth curve in the ≤50 Gy region 
may have only limited application for 63-90 µm quartz and (2) in a dose recovery 
experiment the measured dose seems to progressively overestimate the given dose as the 
age of the samples increases. Anomalous fading measurements were carried out on 
polymineral fine-grains from several samples at both sites and it appeared that there was no 
significant difference in fading rate between samples from different sites and depth. We 
conclude that anomalous fading of the IRSL signal from polymineral fine-grains extracted 
from Chinese loess is ubiquitous. The overall average g value for these samples is 
3.10±0.13%/decade and this value has been used to correct all the ages for fading. At both 
sites, the quartz OSL ages are always lower than the fading-corrected IRSL ages; the latter 
are also in better agreement with the pedostratigraphic age control (~75 and ~130 ka). 
Based on a comparison of the quartz OSL ages with the pedostratigraphic age control and 
the fading-corrected IRSL ages it is concluded that quartz OSL dating of Chinese loess 
should be restricted to samples of ages not exceeding ~40-50 ka (~120-150 Gy). For IRSL 
dating using polymineral fine-grains with anomalous fading correction comparison with 
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pedostratigraphic age control would suggest an upper dating limit of probably ~100-120 ka 
(up to ~300 Gy uncorrected dose). Older ages should be considered minimum ages.  
 
(iii) Conclusions 
 
From this research it is concluded that quartz OSL dating is a reliable method to establish 
absolute chronologies for coversands and (Chinese) loess; based both on the work in this 
thesis and on the published literature the method is shown to work well up to a dose range 
of ~150 Gy (Chapters 1 and 2). The attempt to use an alternative single aliquot protocol 
using the ITL signal from quartz to extend the age range beyond quartz OSL proved to be 
unsuccesful (Chapters 3 and 4). The use of IRSL signals from feldspars incorporating a 
correction for anomalous fading was then investigated. Despite the uncertainty concerning 
the bleachability of the feldspar signal, promising fading-corrected ages were obtained on a 
known age Eemian site, suggesting that the method can be used to date beyond the quartz 
OSL range (Chapter 5). In Chapter 6, quartz OSL dating and feldspar IRSL dating with 
anomalous fading correction are compared on a Chinese loess site with pedostratigraphic 
age control. An upper limit of ~150 Gy (~50 ka in Chinese loess) for the quartz under 
examination here was confirmed by comparing the results with the fading-corrected 
feldspar ages and the pedostratigraphic age control. By comparing our fading-corrected 
IRSL ages with the pedostratigraphic age control, we concluded that IRSL dating with 
anomalous fading correction on Chinese loess can probably be used up to ~100-120 ka 
(uncorrected dose ~300 Gy).  
 
However, it is important to acknowledge the somewhat alarming observation that even 
when a quartz or feldspar sample passes all laboratory tests and no clear signs of saturation 
of the laboratory  growth curve can be observed, the derived luminescence date can still 
underestimate the true burial age of the sample. Secondly, the model used to correct the 
ages for anomalous fading is strictly only expected to work for samples with natural IRSL 
signals lying in the linear part of the growth curve; for most of the samples in this thesis, 
this assumption was not entirely valid. Another correction model which takes the curvature 
of the growth curve into account is now available but its performance remains to be tested 
on these samples. 
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From this thesis and from the rapidly increasing number of luminescence dates published 
in the literature every year, it is clear that luminescence dating is now widely seen as a 
reliable and useful approach to establishing a chronology for sediments. It is a well-
established technique for studying the last interglacial/glacial cycle (<130 ka). The big 
challenge is now to extend the method to older material, and so open up the possibility of 
reliable dating of previous glacial cycles (>130 ka). From the work presented here, fading-
corrected feldspar signals are clearly able to contribute significantly in addressing this 
challenge. 
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In het hedendaagse Kwartair-onderzoek is de luminescentiedateringsmethode de methode 
bij uitstek om de afzettingsouderdom van sedimenten te bepalen. Hierbij wordt de tijd die 
verlopen is sinds de laatste blootstelling aan zonlicht bepaald. De methode heeft heel veel 
toepassingsmogelijkheden omdat ze gebruikt maakt van de mineraalkorrels (meestal 
kwarts of veldspaat) waaruit het sediment is opgebouwd. Zij is bovendien vrij van enige 
vorm van calibratie. Een luminescentie-ouderdom wordt uitgedrukt in kalenderjaren en 
afhankelijk van de omstandigheden kunnen precieze (5-10%) en accurate 
ouderdomsdateringen bereikt worden gaande van slechts enkele jaren tot verschillende 
honderdduizenden jaren. Om een luminescentie-ouderdom te kunnen berekenen dient men 
twee even belangrijke factoren te bepalen: (1) de totale dosis die het mineraal geabsorbeerd 
heeft sinds de laatste blootstelling aan zonlicht (de zogenaamde equivalente dosis: De, 
uitgedrukt in Gy) en (2) het jaarlijkse dosistempo waaraan de mineraalkorrels werden 
blootgesteld tijdens begraving (de zogenaamde jaarlijkse dosis: Gy/jaar). Tot op heden 
bestaat er echter nog geen universele methode om de equivalente dosis te bepalen. 
Bijgevolg dient de toepasbaarheid van de gebruikte meetprocedure op elk nieuw type 
sediment getest te worden. 
 
Deze thesis had als doel om na te gaan in welke mate de luminescentiedateringsmethode 
geschikt is om absolute ouderdommen te bepalen voor sedimenten die kenmerkend zijn 
voor de laatste koude periode(n) (glacialen) die de aarde gekend heeft. Ons onderzoek 
heeft zich toegespitst op vorstwigopvullingen in Vlaanderen en op lössafzettingen in China. 
In het eerste deel van deze thesis werd het optisch gestimuleerd luminescentiesignaal 
(OSL) van kwarts gebruikt. Het werd hierbij snel duidelijk dat een andere aanpak vereist 
was om oudere löss-stalen succesvol te kunnen dateren. In het tweede deel van deze thesis 
werd daarom ook het potentieel van twee alternatieve luminescentietechnieken onderzocht 
om deze oudere löss-stalen aan te pakken. 
 
(i) Ouderdomsbepaling van eolische sedimenten met behulp van het optisch 
gestimuleerde luminescentie (OSL) signaal van kwarts - Deel I 
 
De laatste jaren werd in het Luminescentiedateringslaboratorium van de Universiteit Gent 
veel onderzoek verricht naar de betrouwbaarheid van de OSL-methode om een absolute 
chronologie op te stellen voor dekzanden in Zuid-Nederland. Hiervoor werd gebruik 
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gemaakt van het OSL-signaal van grofkorrelig kwarts (fijne zandfractie). In deze thesis 
werd het dekzandonderzoek verder gezet door na te gaan of deze methode ook succesvol 
kan worden toegepast op de zandige invulling van relicte zandwiggen en 
composietwigpseudomorfen in Vlaanderen (Hoofdstuk 1). In totaal werden vijf locaties in 
twee geomorfologische eenheden onderzocht: het Waasland Plateau (cuesta) (Sint-Niklaas, 
Belsele en Vrasene) en het Plateau van Centraal West-Vlaanderen (Ruddervoorde en 
Aalter). Enkel wiggen die duidelijk de karakteristieken bezaten van een volledige of zo 
goed als volledige opvulling met zandig sediment (primaire eolische opvulling) werden 
geselecteerd voor OSL-analyse. Door middel van uitgebreide laboratoriumtesten konden 
we aantonen dat het gebruikte meetprotocol dat gebaseerd is op één enkel meetschijfje 
(hierna 'single aliquot' protocol genoemd) goed werkt, indien toegepast op 
meerkorrelpreparaten van grofkorrelig kwarts. Ook de luminescentiekarakteristieken zijn 
goed (bv. goede 'dose recovery' test). Twee stalen werden ook geanalyseerd met de 'single 
grain' techniek. In deze methode gebeuren de De bepalingen op individuele kwartskorrels. 
De bekomen De distributies toonden aan dat alle kwartskorrels hoogstwaarschijnlijk 
volledig gebleekt werden tijdens de invulling van de wig. In totaal werden veertien 
dateringen uitgevoerd en de bekomen OSL-ouderdommen zijn de eerste absolute 
ouderdommen voor dekzandafzetting in Vlaanderen. Uit de resultaten konden we besluiten 
dat het openscheuren van de bodem door thermische contractie en de invulling ervan met 
eolisch sediment een veel voorkomend fenomeen was tijdens het Laat-Pleniglaciaal (MIS 
2). Dit geldt in het bijzonder voor het Laat Glaciaal Maximum (LGM, ~21.000 jaar 
geleden) en de overgangsperiode tussen het LGM en de start van het Laat-Glaciaal 
(~14.000 jaar geleden). In dit onderzoek werden ook twee significant oudere wigniveaus 
ontdekt waarbij het jongere wigniveau (MIS 3) het oudere niveau doorsnijdt (MIS 6). Dit 
toont duidelijk aan dat de stratigrafie van de periglaciale sedimenten in Vlaanderen heel 
complex is. Bij het ontbreken van een absolute chronologie voor dergelijke sites is het 
risico van een verkeerde interpretatie van de periglaciale processen dan ook reëel. 
Algemeen genomen verschaffen OSL-dateringen van de primaire eolische invulling van 
vorstwigstructuren dus belangrijke en dikwijls cruciale absolute chronologische informatie 
voor de studie van periglaciale landvormen en processen in de Lage Landen. 
 
Vervolgens werd de OSL-dateringstechniek toegepast op Chinese löss uit het westelijk 
deel van het Chinees Löss Plateau (CLP) (Hoofdstuk 2). Drie sites (Zhongjiacai, Le Du en 
Tuxiangdao) werden bemonsterd met een relafief hoge resolutie (~1 monster/m). Deze 
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studie was één van de eerste studies die gebruik maakte van kwarts dat geëxtraheerd werd 
uit de heel fijne zandfractie om Chinese löss te dateren. Ook in deze studie werd de 
toepasbaarheid van het 'single aliquot' protocol bevestigd door middel van uitgebreide 
laboratoriumtesten (bv. 'preheat plateau' en 'dose recovery' tests). Er werd ook aangetoond 
dat de aanwezigheid van een contaminerend infrarood gestimuleerd luminescentie (IRSL) 
signaal (hoogstwaarschijnlijk afkomstig van veldspaat) geen significante vermindering van 
de kwarts De tot gevolg heeft zolang dit signaal kleiner is dan ~10% van het blauw-licht 
gestimuleerde luminescentie (BLSL) signaal (hoofdzakelijk afkomstig van kwarts). In 
totaal werden tweeënzestig OSL ouderdommen bekomen, variërend tussen ~12.000 en 
~75.000 jaar. Op de Tuxiangdao en Le Du sites werd tevens de spatiale 
reproduceerbaarheid van de gebruikte OSL-methode getest door monsters te dateren van 
overlappende delen van de secties. Uit de resultaten blijkt dat de methode over een goede 
reproduceerbaarheid beschikt. Stalen van een equivalente stratigrafische positie geven 
binnen de fout dezelfde ouderdom. De bekomen ouderdom versus diepteprofielen voor de 
drie sites geven duidelijk aan dat lössaccumulatie in het westelijk deel van het CLP een 
episodisch karakter had en er grote variaties in sedimentatiesnelheid voorkwamen, zowel 
binnen dezelfde site als tussen de verschillende sites. Bovendien werd een duidelijk hiaat 
vastgesteld tussen ~20.000 en ~30.000 jaar in de meest westelijke Tuxiangdao sectie. Dit 
hiaat werd niet opgemerkt in verschillende andere proxy-record- en daterings-studies op 
deze site en toont dus duidelijk het belang aan van hoge-resolutie absolute dateringen bij 
paleoklimatologisch onderzoek uitgevoerd op Chinese löss. Omwille van de relatief hoge 
jaarlijkse stralingsdosissen in Chinese löss (~3 Gy/1000 jaar) is het maximale 
ouderdomsbereik van de luminescentiedateringsmethode die gebruik maakt van het OSL 
signaal van kwarts op dit materiaal relatief laag (waarschijnlijk slechts tot ~40.000-50.000 
jaar). Een andere methode was dus nodig om oudere löss stalen te kunnen dateren. 
 
(ii) Onderzoek naar het verleggen van het ouderdomsbereik van de 
luminescentiedateringsmethode - Deel II 
 
In het tweede deel van deze thesis werden twee verschillende luminescentietechnieken, de 
ene gebaseerd op kwarts en de andere op veldspaat, getest op hun potentieel om oude 
(Chinese) löss succesvol te dateren. 
 
Samenvattend besluit 
202 
In Hoofdstuk 3 wordt de betrouwbaarheid getest van een 'single aliquot' protocol dat 
gebruik maakt van het isothermaal thermoluminescentie (ITL) signaal van kwarts. 
Ondanks het feit dat de vorm van de groeicurve suggereert dat hogere dosissen dan met 
OSL kunnen worden gemeten, werd het in dit onderzoek duidelijk dat de De waarden 
gemeten met het 'single aliquot' ITL protocol overschattingen zijn. Deze methode bleek 
ook te falen in de 'dose recovery' test. De gemeten dosis was immers hoger dan de dosis 
die toegediend werd vooraleer het monster werd verhit. Deze overschatting werd 
toegeschreven aan een gevoeligheidsverandering die optrad wanneer het kwarts voor de 
eerste maal werd verhit voor de meting van het natuurlijk ITL signaal. We toonden aan dat 
een dergelijke gevoeligheidsverandering kon worden omzeild door gebruik te maken van 
een methode die gebaseerd is op meerdere meetschijfjes en waarin de dosissen toegediend 
worden aan de meetschijfjes vooraleer ze worden verhit om het ITL signaal te meten (d.i. 
de zogenaamde 'single aliquot regeneration and added (SARA) dose' methode). Het 
gebruik van de SARA methode heeft echter ook enkele nadelen. De dosissen dienen te 
worden toegevoegd bovenop de natuurlijke dosis waardoor SARA enkel bruikbaar is voor 
stalen waarvan de natuurlijke dosis klein is ten opzichte van de verzadigingslimiet van de 
groeicurve. Bovendien is de methode heel tijdsrovend en ook gelimiteerd in haar precisie 
omdat de additieve dosis groeicurve gebaseerd is op meerdere meetschijfjes. We besluiten 
uiteindelijk dat het belangrijk is om een 'dose recovery' test uit te voeren wanneer een 
protocol op basis van (isothermale) thermoluminescentiesignalen gebruikt wordt voor 
luminescentiedateringen. 
 
In Hoofdstuk 4 wordt dieper ingegaan op de oorsprong en de dosimetrische 
karakteristieken van het ITL signaal van kwarts dat afkomstig is uit sedimenten met een 
sterk verschillend brongebied. Uit dit onderzoek bleek dat een dergelijke initiële 
gevoeligheidsverandering in kwarts een veelvoorkomend fenomeen is. Een 'single aliquot' 
ITL meetprotocol kan daarom niet gebruikt worden voor de routinedatering van 
sedimenten. Desondanks zijn er een aantal studies die aantonen dat deze initiële 
sensitiviteitsverandering niet altijd heel groot is en soms zelfs verwaarloosbaar. Een 'single 
aliquot' ITL meetprotocol, eventueel in een aangepaste vorm, biedt dus nog steeds een 
aantal mogelijkheden om het dateringsprobleem van bepaalde oude sedimenten mee aan te 
pakken. 
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De groeicurve van het IRSL-signaal van veldspaten staat ervoor bekend dat ze tot veel 
hogere dosissen reikt dan de groeicurve van het OSL-signaal van kwarts. Daardoor bezit 
dit veldspaatsignaal het potentieel om veel oudere sedimenten te dateren dan mogelijk is 
met OSL van kwarts. Spijtig genoeg wordt dit IRSL-signaal (meestal) gekenmerkt door 
anomaal signaalverlies. Als gevolg daarvan wordt de afzettingsouderdom van het sediment 
onderschat in de bekomen luminescentie-ouderdom. Recent werden een aantal methoden 
ontwikkeld die op basis van een laboratoriummeting van de grootte van dit athermisch 
signaalverlies de onderschatte ouderdommen kunnen corrigeren. Een dergelijke 
ouderdomscorrectie werd in combinatie met de alsook recent ontwikkelde 'single aliquot' 
protocols voor veldspaten getest in Hoofdstuk 5 en daarna toegepast op Chinese löss in 
Hoofdstuk 6. 
 
Een zandige mariene Eemiaan afzetting die toegankelijk is langs de kliffen van de zuidkust 
van Jutland (Denemarken) en waarvan de ouderdom heel goed gekend is (~125.000-
130.000 jaar) werd gebruikt om de accuratesse en de precisie van de IRSL-
dateringsmethode te testen (Hoofdstuk 5). De luminescentiekarakteristieken van de K-
veldspaatskorrels (fijne zandfractie) werden gedocumenteerd en de toepasbaarheid van het 
'single aliquot' protocol bevestigd (e.g. De onafhankelijk van de voorverhittingstemperatuur 
en goede resultaten voor de 'dose recovery' test). De niet-gecorrigeerde 
veldspaatouderdomsdateringen onderschatten zowel de OSL-dateringen op basis van 
kwarts (eerdere studie) als de verwachte ouderdom (~130.000 jaar) met ~30%. Vervolgens 
werd de grootte van het anomaal signaalverlies (g-waarde) gemeten op dezelfde 
meetschijfjes waarvoor ook de De werd bepaald. Hierdoor konden we nagaan of deze 
parameters omgekeerd evenredig gekoppeld waren (i.e. lagere De omwille van groter 
anomaal signaalverlies). We toonden aan dat de spreiding in de gecorrigeerde 
ouderdomsdateringen niet significant verminderde wanneer de individuele of gemiddelde 
waarden (per monster) van het anomaal signaalverlies werden gebruikt bij de 
ouderdomscorrectie. Bijgevolg werd voor de correctie van alle monsters gebruik gemaakt 
van de gemiddelde g-waarde voor de ganse sectie (3.66±0.09%/decade). De gemiddelde 
gecorrigeerde veldspaatouderdom (120.000±3.000 jaar enkel toevallige fouten; ±6.000 jaar 
totale onzekerheid) is in goede overeenstemming met de onafhankelijke 
ouderdomscontrole (~125.000-130.000 jaar) en is niet significant verschillend van de OSL-
ouderdomsdatering gebaseerd op kwarts (114.000±4.000 jaar enkel toevallige fouten; 
±7.000 jaar totale onzekerheid). Indien we aannemen dat de K-veldspaatkorrels volledig 
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gebleekt werden tijdens transport en afzetting, dan lijkt de IRSL methode met correctie 
voor anomaal signaalverlies accurate ouderdommen op te leveren voor dit tijdsvenster. De 
vorm van de groeicurve van het IRSL signaal suggereert bovendien dat deze methode het 
potentieel bezit om pre-Eemiaan sedimenten te kunnen dateren en dus een groter 
ouderdomsbereik heeft in zandige sedimenten dan de huidige meer courant gebruikte 
kwarts OSL-dateringen. 
 
Omwille van de bemoedigende resultaten op de Eemiaan monsters, hebben we besloten om 
de IRSL-methode met correctie voor anomaal signaalverlies toe te passen op oude (> 
~70.000 jaar) Chinese löss-samples waarvoor er aanwijzingen waren (zie hoger) dat de 
OSL methode op basis van kwarts niet meer geschikt is (Hoofdstuk 6). Omwille van de 
eolische oorsprong van löss kan hier van een onvolledige bleking van het IRSL signaal 
geen sprake zijn. De goedgekende Luochuan site in het centraal gedeelte van het CLP en 
een site in het westen van het CLP (Dongchuan) werden uitgekozen om deze methode te 
testen. In de Luochuan site is er ouderdomscontrole op basis van pedostratigrafie en 
paleomagnetisme beschikbaar. Zowel de luminescentiekarakteristieken van het IRSL-
signaal van polyminerale fijnkorrelpreparaten (4-11 µm) als het OSL-signaal van 63-90 
µm kwarts werden onderzocht (vorm van de groeicurve, 'dose recovery' test en de 
veranderingen van deze parameters als functie van de diepte/ouderdom). Zoals kon worden 
verwacht reikte het bruikbare gedeelte van de groeicurve van het IRSL-signaal tot veel 
hogere dosissen dan die van het OSL-signaal. De luminescentiekarakteristieken van het 
IRSL-signaal waren bevredigend te noemen ('recycling ratios' ongeveer gelijk aan één, 
lage recuperatiewaarden en goede 'dose recovery'). Ondanks goede 'recycling ratios' en 
lage recuperatiewaarden was het gedrag van het kwarts OSL signaal niet zo bevredigend. 
Ondanks het feit dat onze bevindingen gesteund zijn op een beperkt aantal observaties 
werd het volgende vastgesteld voor het OSL-signaal van 63-90 µm kwarts: (1) het gebruik 
van een gestandaardiseerde groeicurve voor 63-90 µm kwarts uit Chinese löss lijkt beperkt 
te zijn tot ≤50 Gy en (2) de gemeten dosis in een 'dose recovery' experiment lijkt 
systematisch toe te nemen naarmate de stalen ouder worden. Metingen van het anomaal 
signaalverlies van het IRSL-signaal van de polyminerale fijnkorrels werden uitgevoerd op 
verschillende stalen van beide secties. Er werd geen significant verschil in g-waarde 
vastgesteld tussen de monsters van de verschillende secties en van verschillende diepte. 
Hieruit besloten wij dat het voorkomen van anomaal signaalverlies in het IRSL-signaal van 
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polyminerale fijnkorrels uit Chinese löss een alomtegenwoordig fenomeen is. De 
gemiddelde g-waarde  van alle monsters is 3.10±0.13%/decade en deze waarde werd 
gebruikt om alle ouderdommen te corrigeren voor het anomaal signaalverlies. Voor beide 
sites zijn de OSL-ouderdommen systematisch lager dan de gecorrigeerde IRSL-
ouderdommen. Deze laatste zijn ook in betere overeenstemming met de verwachte 
ouderdommen op basis van de pedostratigrafie (~75.000 en ~130.000 jaar). Op grond van 
deze observaties besloten we dat het dateren van Chinese löss aan de hand van het OSL-
signaal van kwarts beperkt dient te worden tot monsters die niet ouder zijn dan ~40.000-
50.000 jaar (~120-150 Gy). Vergelijking van de gecorrigeerde IRSL- 
ouderdomsdateringen met de pedostratigrafie suggereert een ouderdomsbereik in Chinese 
löss tot ~100.000-120.000 jaar (~300 Gy ongecorrigeerde De). Hogere ouderdommen 
gelden daarbij als minimumwaarden. 
 
(iii) Besluit 
 
De luminescentiedateringsmethode op basis van het OSL-signaal van kwarts is een 
betrouwbare techniek om absolute ouderdommen te bekomen voor dekzanden en (Chinese) 
löss. Op basis van het onderzoek uitgevoerd in deze thesis en een gepubliceerde studie in 
de literatuur besluiten we dat deze methode betrouwbaar is voor De bepalingen tot een 
dosisbereik van ~150 Gy (Hoofdstukken 1 en 2). Het potentieel van het ITL-signaal van 
kwarts om oudere stalen te dateren dan vandaag mogelijk is met het OSL-signaal van 
kwarts werd onderzocht. De uitkomst was echter ontmoedigend (Hoofdstukken 3 en 4). In 
een volgende stap werd onderzocht of een techniek gebaseerd op het IRSL-signaal van 
veldspaten, waarbij gecorrigeerd wordt voor anomaal signaalverlies, gebruikt kan worden 
om deze ouderdomsgrens te verleggen. Ondanks de onzekerheid over de volledige 
opnulstelling van het IRSL-signaal  van de veldspaten uit een Eemiaan site werden 
veelbelovende resultaten bereikt. Dit suggereerde dat deze methode gebruikt kan worden 
om de ouderdomsgrens van kwarts OSL-dateringen te doorbreken (Hoofdstuk 5). In 
Hoofdstuk 6 hebben we dan de kwarts OSL-dateringen vergeleken met deze IRSL-
methode op veldspaten voor een Chinese löss site met pedostratigrafische 
ouderdomscontrole. Op basis van een vergelijking met de gecorrigeerde 
veldspaatouderdommen en de pedostratigrafische ouderdomscontrole werd het duidelijk 
dat de toepassing van kwarts OSL-dateringen beperkt diende te worden tot monsters met 
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een De-waarde die niet groter is dan ~150 Gy (~50.000 jaar in Chinese löss). Vergelijking 
van de gecorrigeerde IRSL-ouderdommen met de pedostratigrafische ouderdomscontrole 
suggereert dat IRSL-dateringen van polyminerale fijnkorrels met correctie voor anomaal 
signaalverlies op dit materiaal waarschijnlijk gebruikt kan worden tot ~100.000-120.000 
jaar (ongecorrigeerde De ~300 Gy). 
 
Het is echter belangrijk om te vermelden dat zelfs indien een kwarts- of veldspaatmonster 
uitmuntende luminescentiekarakteristieken bezit en er geen enkele aanwijzing is van 
verzadiging van de groeicurve die in het laboratorium wordt opgebouwd, de bekomen 
luminescentie-ouderdomsdatering de afzettingsouderdom van het sediment kan 
onderschatten. Ten tweede kan het model dat gebruikt werd om de ouderdomsdateringen te 
corrigeren voor anomaal signaalverlies enkel accurate resultaten opleveren voor die 
monsters waarvan het natuurlijk luminescentiesignaal zich in het lineaire gedeelte van de 
groeicurve ligt. Voor de meeste monsters in dit werk was deze veronderstelling strikt 
genomen niet geldig. Een nieuw correctiemodel, waarbij de saturerende vorm van de 
groeicurve in rekening wordt gebracht, is beschikbaar maar dient nog op deze monsters te 
worden getest. 
 
Dit werk en het toenemend aantal luminescentie-ouderdomsdateringen dat jaarlijks 
gepubliceerd wordt, tonen duidelijk aan dat luminescentiedatering een nuttige en 
betrouwbare methode is om de afzettingsouderdom van sedimenten te bepalen. Ze is reeds 
goed ingeburgerd in studies die focussen op de laatste interglaciaal-glaciaal cyclus 
(<130.000 jaar). De grote uitdaging die ons nu rest is om de ouderdomsgrens te verleggen 
en het betrouwbaar dateren van sedimenten die zijn afgezet tijdens vorige glaciaal-
interglaciaal cycli (>130.000 jaar) mogelijk te maken. Vanuit methodologisch standpunt 
toont deze thesis aan dat het gebruik van veldspaatsignalen met correctie voor anomaal 
signaalverlies duidelijk een goede onderzoekspiste is om deze uitdaging aan te gaan. 
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